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PREFACE 
This report has partly been written in the framework of the 'Mopti project', 
officially designated 'Development of a land use plan for the 5th region of Mali 
(Region Mopti + Cercle de Niafunké)', a joint activity of the DLO-Centre for 
Agrobiological Research (CABO-DLO, Wageningen, the Netherlands) and a 
multidisciplinary team based in Mali (ESPR, Equipe chargée de l'étude sur les 
Systèmes de Production Rurales en 5ème Région). Although the project was jointly 
financed by the Directorate-General for International Cooperation (DGIS) of the 
Dutch Ministry of Foreign Affairs and the Government of Mali (in the framework 
of the second 5-year plan for the 5th region, financed by the World Bank), the 
work presented in htis report has been paid by the Ministry of Agriculture, Nature 
Conservation and Fishery. The other part has been written during my stay as 
visiting scientist at CABO-DLO. 
The aim of the project was to assess the possibilities for regional agricultural 
development, based on a quantitative description of agricultural production 
activities (arable crops, livestock and fisheries), both those currently practiced and 
those potentially feasible from a technical point of view. The project resulted in 
suggestions for technically feasible development options for sustainable 
agricultural land use of Mali's Fifth Region. Within the project, a linear 
programming model was used that combined information on possible activities in 
the region with information on the regional resources. 
Thanks are due to Prof. Dr. Ir. H. van Keulen for his support during the 
preparation of the manuscript. Also the comments of Prof.Dr.Ir. CT de Wit and 
discussions with H. ten Berge, G.W.J, van de Ven, S. Nonhebel, J. Schröder, H. 
Breman, F.R. Veeneklaas and R. Ranganathan are greatly appreciated. Further, 
thank are due to W. Stol and P. Uithol for technical assistence. 
PART A. 
ANALYSES, METHOD AND APPLICATION 
1. INTRODUCTION 
Degradation of natural resources is one of the great problems in many parts of the 
world, e.g. in sub-Saharan Africa (van Keulen & Breman, 1990; Stoorvogel & Smaling, 
1990). Evidently, degradation of the natural resource base can take many different 
forms. Of particular importance in sub-Saharan Africa are chemical exhaustion of soils, 
disappearance of perennial grasses from the flood plains, mortality of shrubs and trees 
on the rangelands, surface crusting and sealing on loamy soils and wind erosion. This 
degradation leads to a lower production capacity of the land. Hence, this may jeopardize 
the self-sufficiency in food of certain areas within a country or of the country as a 
whole. Due to the increasing population it becomes increasingly difficult to produce 
sufficient food, so that higher food imports are required. Action should thus be taken to 
prevent a further decline in quality and quantity of natural resources. 
This concern about the state of the natural resources has in recent years been 
expressed by emphasizing 'sustainability'. Its definition and implications have been 
discussed in many papers and books (Budelman & van der Pol, 1992; Meerman et al, 
1992; Vereijken, 1992; FAO, 1991a; de Ridder & van Keulen, 1990; Vlek, 1990). 
However, these definitions are generally expressed in 'elusive terms', i.e. they are 
difficult to quantify. The operational definition applied in this report has been derived 
from the definitions given by the Technical Advisory Committee of the Consultative 
Group on International Agricultural Research (CGIAR): 'the successful management of 
resources for agriculture to satisfy changing human needs, without degrading the 
environment or the natural resource base on which agriculture depends' (TAC, 1989). 
For operational purposes, sustainability has been defined in terms of nutrients in arable 
cropping systems, i.e. the soil nutrient balances of the macroelements N, P and K in the 
rootable layer of the soil are maintained in equilibrium in the long run, through nutrient 
application that guarantees a sufficient nutrient uptake to allow realization of pre-
defined target yields. 
This criterion of equilibrium in the nutrient balance, with respect to macronutrients 
(i.e. nitrogen: N, phosphorus: P and potassium: K) was selected for two reasons. Firstly, 
in semiarid regions nitrogen and phosphorus availability limit growth more often than 
moisture availability (Seligman et ai, 1992; Piéri, 1989; Penning de Vries & Djitèye, 
1982). Secondly, in many developed countries overuse and waste of nutrients threatens 
sustainability, which becomes clear through environmental pollution. Nitrogen is a 
component of many important organic compounds ranging from proteins to nucleic 
acids; phosphorus plays a major role in energy transfer and protein metabolism and 
potassium is important for osmotic and ionic regulation and functions as a cofactor or 
activator for many enzymes of carbohydrate and protein metabolism (e.g. Baligar et al, 
1990). 
If the soil can not supply sufficient plant nutrients to satisfy crop demand, the yield 
level is determined by the amount of the limiting nutrient that can be taken up. This 
constraint can be removed by appropriate fertilizer application. This results in 
increasing yields with increasing nutrient availability, until another growth factor (e.g. 
water, radiation) becomes limiting. Hence, for definition of sustainable cropping 
systems, supply of nutrient from natural sources ('natural soil fertility'), fertilizer effects 
and nutrient cycles play a key-role. 
For such an analysis, a modeling approach can be used. In the last decade, various 
models dealing with nutrient cycles in the soil-plant system have been developed (e.g. 
Groot & van Keulen, 1990; Janssen et al, 1987; van Keulen & Seligman, 1987; van 
Noordwijk et al, 1990; Wolf & van Keulen, 1989; Wolf et al, 1987; 1989), but some 
are complex and require much detailed information, which is generally not available in 
developing countries. In addition, these models do not calculate the external nutrient 
requirements to maintain a sustainable production system at the desired target yield 
level. 
In this study, a simple straightforward calculation procedure has been developed to 
allow quantification of inputs and outputs of sustainable cropping systems. Secondly, 
the impact of sustainability in terms of nutrients on regional agricultural development is 
established. 
For validating this method NUREQ (Chapter 3), fertilizer experiments have been 
analysed (Chapter 2). The method has been used to examine the possibilities for 
agricultural development in relation to food needs in the Fifth Region of Mali (Chapter 
4). 
Part B (Chapters 5 to 14) deals with detailed crop parameters, such as biomass 
distribution among principal plant organs and nutrient uptake relations. 
Crops treated in this report are millet (Pennisetum americanwn), sorghum 
(Sorghum bicolor), maize (Zea mays), rice (Oryza sativa), wheat (Triticum aestivwri), 
fonio (Digitaria exilis), groundnut (Arachis hypogaea), cowpea (Vigna unguiculata), 
bambara groundnut (Vigna subterranea) and cotton (Gossypium spp). 
2. FERTILIZER APPLICATION ANALYSIS 
2.1 Methodology 
For a quantitative description of nutrient balances in different cropping systems, 
insight is necessary in the dynamic behaviour of nutrients. Such information is very 
often lacking in fertilizer experiments, where only crop response in terms of yield has 
been determined, and nutrient content has not been measured. That variable is very 
important as it provides information about two relations: (i) the fraction of the nutrient 
applied effectively taken up (recovery fraction) and (ii) the increase in yield per unit 
additional nutrient uptake. 
Lack of response to fertilizer application may be due to the fact that the nutrient has 
not been taken up, because it was applied at the wrong time, in the wrong place or in the 
wrong form, or that higher content was not expressed in increased economic yield. The 
latter may be due to other growth-limiting factors, such as shortage of water or mineral 
elements, other than the one applied. However, the common way of presenting yield as 
a function of fertilizer applied makes it impossible to distinguish between these two 
reasons for lack of response (van Keulen, 1982). Hence, to evaluate the value of the 
recovery fraction and the slope of the nutrient content-yield curve, fertilizer 
experiments are best analysed by means of three quadrant figures. Such a figure (Figure 
2.1) consists of the following relations: 
- Quadrant A shows the relation between nutrient content at maturity (Eu) and crop 
yield (Y). The yield increase per unit additional nutrient uptake depends on crop 
species, level of nutrient content and conditions with respect to other growth factors; 
- Quadrant B shows the relation between the amount of a nutrient applied (Ea) and 
nutrient content (Eu). This reflects losses by leaching, volatilization, etc.; 
Supply from natural resources ('natural soil fertility'), defined as nutrient availability 
in the absence of fertilizer or manure application including processes of weathering, 
equals thus the intercept with the X-axis; 
The recovery fraction at a certain application rate is defined as the uptake at that rate 
minus the uptake at zero application, divided by the application rate. It depends on 
fertilizer type, time and method of application and environmental conditions; 
- Quadrant C, constructed from the other two by elimination of the content, shows the 
classical response curve: the relation between the amount of a nutrient applied (E^ 
and crop yield (Y). 
Y (kg ha-1) 
Ea (kg ha-1) Eu (kg ha-1) 
Figure 2.1. General graphical presentation of the relation between total nutrient 
content (Eu) and yield (Y) (Quadrant A), that between nutrient application (E„) and 
nutrient content (Quadrant B), and that between nutrient application ana yield 
(Quadrant C). 
To ensure that the data refer more or less to the agro-ecological domain of the 
species, only field experiments were considered and (except for rice) little attention was 
given to experimental results under irrigated conditions. Data were obtained from 
literature, either directly from tables or derived from graphs or histograms. From these 
basic data the following characteristics were derived: nutrient content in the course of 
the growing season (Section 2.2); harvest index (Subsection 2.3.1), minimum and 
average nutrient concentrations (Subsection 2.3.2), nutrient harvest indices (Subsection 
2.3.3), nutrient content in relation to biomass production (Section 2.4), nutrient content 
related to nitrogen content (Section 2.5) and the recovery fraction (Section 2.6). (N, P 
and K have been expressed throughout the report in elementary form; conversions used 
are: P = P2(V2.29 and K = K2O/1.205). 
As a detailed discussion of individual data is not feasible in this review, lumped 
data have been analyzed, despite interspecies and intraspecies differences in 
experimental conditions (soil, weather and fertilizer treatment) and genetics which may 
cause considerable variation. Results were analyzed with the statistical language 
Genstat (Payne et al., 1988). Homologous means were compared with Wilcoxon's rank 
sum test (two-sided, p = 0.05; Hollander & Wolfe, 1973). The relation of two variables 
within a crop has been investigated as follows. Firstly, the correlation coefficient was 
calculated. If that differed significantly from zero (two-sided, p = 0.05; cf. Fisher & 
Yates, 1963) the line with minimum sum of squared distances was determined for use in 
graphs. This line was preferred above either of the two possible ordinary regression 
lines because both variables are random. Homologous correlation coefficients have 
been compared between the five species with the Fisher's z-method (Anderson, 1958). 
It should be noted that the way in which the data have been collected does not 
enable a statistical proof of the existence of a relationship within a crop or of some 
difference among the species. Moreover, environmental conditions for the five species 
are perse different. The statistical procedures only check whether a seeming effect 
might have been caused by a selected simple change mechanism (no spurious relation) 
rather than by an actual effect. Observed relations within a crop indicates that the 
underlying mechanism acts indifferent of environmental conditions. 
2.2 Nutrient content in the course of the growing season 
Nutrient uptake by the crop is affected by many factors, which makes it difficult to 
predict the response to fertilizer application. These factors include: 
1. Prevailing weather conditions (rainfall, temperature): drought reduce N-uptake and 
biomass production (Pichot et ai, 1974, Figure 5.3cd); 
2. Soil type, e.g. acid soils show a lower phosphorus recovery fraction than other soil 
types (e.g. Fox et ai, 1974); 
3. Crop characteristics: differences in length of growing season, root characteristics, 
sink size (grains) and other differences between varieties (e.g. Singh & Thakare, 
1986, Figure 5.3h); 
4. Type of fertilizer applied, differences exist between e.g. urea and ammonium-type 
fertilizers (e.g. Verma<?f a/., 1972, Figure 7.2e; Blondel, 1971b, Figure 8.2b); 
5. Timing of fertilizer application, as e.g. a longer residence time of fertilizer in the 
soil (e.g. basic dressing) increases the risks of losses; secondly, after a certain 
phenological stage of the crop additional uptake becomes negligible (e.g. Below & 
Gentry, 1992; Russelle et al, 1983; Reddy & Patrick, 1976). Split application 
(including one at anthesis) increases uptake (Kropff et al., 1992). 
6. Application method, for instance for rice by deep placement of N-fertilizer (Singh & 
Singh, 1987a,b; Reddy & Patrick, 1976); 
7. Availability of other macronutrients, with P-application N-uptake increased (e.g. 
Perry & Olson, 1975; Mahapatra & Pande, 1972; Rai, 1965a,b, Figure 6.3d) and 
with N-application P-uptakes increased (Roy & Wright, 1973,1974, Figure 6.4c); 
8. History of the field: after fallow a lower uptake is observed than after a fertilized 
crop due to absence of residual effects (e.g. Adepetu & Corey, 1977); 
9. Presence and method of irrigation (e.g. Wright et al, 1985); 
10. Cultural practices, such as presence of Azolla in rice fields (Singh & Singh, 
1987a,b), intercropping with leguminous species (e.g. Ofori & Stern, 1987), 
weeding (Kang et al., 1977, Figure 7.2a), etc. 
2.2.1 Relative post-anthesis nutrient uptake 
Nutrient uptake during the post-anthesis period is, in addition to the above, affected 
by other factors. For nitrogen these include: 
1. The presence of green leaf blades and soil water (e.g. Ellen & Spiertz, 1975); 
2. Genetic differences between species (under the same conditions) and between 
varieties (e.g. Tsai et al, 1991; Muchow, 1988; Cox et al, 1985; Pollmer et al, 
1979; Woodruff, 1972); 
3. Post-anthesis root growth. Post-anthesis root growth, in terms of both dry weight 
and rooting depth, has been reported for millet (Chopart, 1983), and for maize, 
although varietal differences existed (Anderson, 1988; Barber & Mackay, 1986; 
Mengel & Barber, 1974a,b). 
4. Soil N-availability: in certain cases nitrogen have to be applied before an increase of 
post-anthesis N-uptake can be observed (e.g. Cassman et ai, 1992; Youngquist & 
Maranville, 1992; Basinski & Airey, 1970); any process that yields N-losses 
(especially if residence time of fertilizer is long) reduces the possibility for post-
anthesis N-uptake. As it is beyond the scope of this article to go into the soil 
processes in detail, reference is made to e.g. Baligar & Bennett (1986). 
5. Timing of N-application: application at ear initiation or anthesis promotes post-
anthesis uptake (e.g. Cassman et al, 1992; Singh & Randhawa, 1979; Ellen & 
Spiertz, 1975; Eilrich & Hageman, 1973); 
6. Climatological conditions, which affect growth and senescence of the crop, 
mineralisation processes in the soil, etc., (e.g. Tsai et al, 1991; Anderson et al, 
1985; Sharma & Prasad, 1980; Khalifa et al, 1977; Woodruff, 1972; Rai, 1965b). 
Gigou (1984) also observed post-anthesis N-uptake after a drought period. This is 
explained by continued mineralisation from soil organic matter, which allows post-
anthesis N-uptake after resumption of the rains; 
For phosphorus and potassium, the same factors explain the observed variability. 
For potassium, additional soil characteristics have strong effects, i.e. the content of Ca 
and Mg (De Datta, 1985), due to the exchange possibilities among these three nutrients 
in plant physiological processes (de Wit et al, 1963). 
If the post-anthesis nutrient uptake is zero, that does not necessarily imply absence 
of uptake, but may also indicate that losses (Subsection 2.2.2) are compensated by 
uptake. 
Relative post-anthesis nutrient uptake is defined as the increase in nutrient content 
after anthesis as a fraction of maximum nutrient content. For nitrogen, phosphorus and 
potassium, it is referred to as RNU (Relative post-anthesis Nitrogen Uptake), RPU and 
RKU, respectively. Reliable results can only be obtained, if regular crop harvests and 
accompanying chemical analyses have been carried out. However, as such data are 
scarce, experiments for which at least nutrient content in the crop at flowering and at 
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Figure 2.2. Characteristics of the frequency distribution of the relative post-anthesis 
nitrogen, phosphorus and potassium uptake (RNU, RPU, RKU) in relation to the 
average value in millet, sorghum, maize, rice and wheat. 
Sources: ililUl: Blonde!, 1971a t; Cissé, 1988; Coaldrake A Pearson. 19S5; van Duivenbooden A Cissé, 1989; Canry, 1990; Gosseye. unpublished; Gregory 1979; Kassam A 
Stockinger, 1973; Mundo et al., 1984; Payne. 1990: Rodriauez el al.. 1990: Siband. 19SI; Singh A Randliawa. 1979; 
Sorghum: Arrivas, 1976; Babu A Singh, 1984b; Benneu el al.. 1990; Blondel. 1971a: Duncan A Baligar. 1990; Gigou. 1981. 1984; Govil A Prasad. 1974; Jacquinol. 1964; 
Kassam A Stockinger, 1973; Lafitle A Loomis. 1988; Locke A Hons. 19S8: MaranrUle el al.. 19S0; Myers. 1978b; iluchow, 1988, 1990; Rai. 1965b; Roy A Wright, 
1974; Singh A Bains. 1973; Turkhede A Prasad. 1980; 
Maize: Allison, 1984; Anderson et al.. 1984a. 1985; Bacon A Thompson. 1984; Bakeina. 1981; Beaucliamp et al.. 1976; Bigeriego el al., 1979; Blondel, 1971a: Bromfield. 
1969; di Fonzo el al., 1982; Gigou A Chabalier. 1987; Grimme. 1985; Hamvay. 1962; Hay el al.. 1953; Jordan el al.. 1950; Karlen el al.. 1987,1988; Loué. 1963: Label 
A Juste. 1985: Mackay A Barber, 1986; Mehla A Singli. 19SO; Mengel. 1979; Mengel A Barber. 1974b: Moll et al.. 1982: Moustafa A Sheif-El-Yazal. 1980; Muchow. 
1988; Peck A MacDonald, 1975; Rai, 1965b; Roads A Stanley, 1981: Sayre, 1948; Schroder. 1989; Slaals A Ukkerman. 1983; Thorn A Watkin. 1978; Tsai el al., 1991; 
Versteegh, 1985; Welch A Flannery, 1985: 
Rice: Agarwal, 1980; Basinski A Airey. 1970; Blondel, 197 laM De Dalla, 1981: 19S5; De Dalla A Mikkelsen, 1985: De-Yin A Bao, 1985: Fageria cl al.. 1982: Gigou A 
Chabalier, 1987; Grimme, 1985; Gupta A OToole, 1986; Humphreys et al.. 19S7; Koyaiiui A Cliaminek, 1971: Makarim et al.. 1991; Samantaray et al., 1990; Schnieret 
al., 1990; Sims A Place, 1968; Singh A Modgal, 1979; Tanaka et al., 1959; (available bul could not be included due to time restrictions: Kropff el al., 1992 (026,00, 
0.11»; 
Wheat: Boatwrighl A Haas, 1961; Cassman et al., 1992; Cox el ai. 1985; DeTurk. 1942; Echeverria el al.. 1992: Eilrich A Hagcman. 1973: Ellen A Spiera, 1975.1980; 
Gasser A Thornburn, 1972; Gregory el al., 1979, 1981: Grimme. 1985; Groot, 1987; Johnston A Fonler. 1991: van Keulen A Seligman. 1987; Khalifa el al., 1977; 
Knowles A Watkin, 1931: Lai et al., 1978; Maschhaupl. 1922; McNeal et al.. 1966; Mengel. 1979: Mikesell A Paulsen. 1971; Mohamed A Marshall. 1979: Paccaud et 
al.. 1985. Page el al., 1977; Papakosla A Gagianas. 1991: Racz et al.. 1965: Remy. 1933; Sharma A Prasad. 1980: Singh. 1962; Spierlz A Ellen. 1978: Spiertz A de Vos, 
1983; Supper A Fischer, 1990; Thorne et al.. 1988: Vcnugopalan A Prasad. 1989; Waldren A Flonerday, 1979. 
Uptake of macro-nutrients during the post-anthesis period takes place in all cereals 
considered. The relative value, however, varies considerably among species for each 
nutrient (Figure 2.2). The relative post-anthesis phosphorus uptake exceeds that of 
nitrogen, except in millet and rice, and the relative post-anthesis potassium uptake is 
lowest of the three, except in rice. 
Average relative post-anthesis nitrogen uptake (RNU) differs significantly among 
millet, sorghum and maize (0.33-0.35) on the one hand and rice and wheat (0.18-0.20) 
on the other, but values are not significantly different within each group (Table 2.1). 
For phosphorus, such a distinction in groups can not be made. The relative post-
anthesis phosphorus uptake (RPU) in sorghum and maize (0.44-0.47), is significantly 
higher than in the other species, while in millet and wheat (about 0.31) it is significantly 
higher than in rice (0.10, Table 2.1). 
It appears that post-anthesis P-uptake is not con-elated to that of nitrogen, except in 
sorghum and wheat, where a strong con-elation exists (Figures 6.10a and 9.10a, 
respectively). For the other cereals this con-elation is weaker (for millet, maize and rice, 
Figures 5.11a, 7.10a and 8.11a, respectively). 
Table 2.1. Average value and standard error (s.e.) of relative post-
anthesis nitrogen (RNU), phosphorus (RPU) and potassium (RKU) uptake 
for five major cereals (n = number of observations) . Different letters 
(a,b,cj denotes a significant difference at 95% probability for each 
characteristic. 













Relative post-anthesis potassium uptake (RKU) does not differ significantly among 
millet, sorghum, maize and rice (i.e. 0.14 - 0.18), but the value for wheat is significantly 
lower (0.04, Table 2.1). 
RKU is not correlated to RNU nor to RPU, except in sorghum, where a strong 
correlation is observed (Figure 6.10a and 6.10b), suggesting a linkage between N and 
K, and P and K uptake processes in the post-anthesis period. For the other cereals, the 
absence of those relations suggests that during grain filling potassium is not the only 
active carrier for nitrogen and phosphorus. It is likely that other cations, such as Ca and 
0 . 3 5 a 
0.19 
(59) 
0 . 3 0 a 
0 .21 
(45) 
0 . 1 7 a 
0.13 
(15) 






0 . 1 7 a 
0.16 
(14) 
0 . 3 3 a 
0 .15 
(144) 
0 . 4 4 * 
0 .19 
(46) 
0 . 1 4 a 
0.14 
(49) 
0 . 1 8 * 
0 .17 
(89) 
0 . 1 0 c 
0.10 
(34) 
0 . 1 8 a 
0.17 
(60) 
0 . 2 0 * 
0 .17 
(221) 
0 . 3 2 a 
0 .18 
(52) 
0 . 0 4 * 
0 .07 
(29) 
Mg may, to a varying degree, perform that function. It has been observed that when 
RKU ceased, the post-anthesis uptake of Mg and Ca continued (Barraclough, 1986; 
Bakema, 1981; Arrivets, 1976; Gasser & Thornburn, 1972, Jacquinot, 1964). Another 
proof that uptakes of K, Mg and Ca are con-elated is presented by the linear relationship 
between K+Mg+Ca content and total aboveground dry matter, whereas for each of the 
nutrients separately, such a correlation did not exist (van Duivenbooden & Cissé, 1992; 
see also Figures 5.9, 6.8,7.8, 8.8 and 9.8). 
2.22 Nutrient content at maturity in relation to maximum content 
The ratio of nutrient content at maturity to maximum nutrient content has been 
derived from data sets having at least one additional observation on nutrient content 
between flowering and maturity. From the cumulative frequency distribution the 
fraction of data of which the nutrient content at maturity was equal to the maximum 
nutrient content was derived and for the remainder the range in losses was established. 
If nutrient content at maturity is lower than the maximum content, the difference is 
called 'loss', referring to aboveground dry matter. It does not necessarily mean loss from 
the production system. 
Possible causes for nitrogen losses are: (i) falling leaf blades, (ii) transport to the 
atmosphere in gaseous form, mainly as NH3, but also as N2 and NOx, the magnitude of 
these losses being related to e.g. leaf temperature, leaf N-concentration and transpiration 
rate (Farquhar et al., 1983), (Ui) leaching by rain (Gigou, 1984) and (iv) translocation to 
the roots (resulting in a small increase in N-concentration as observed in sorghum; 
Arrivets, 1976). The magnitude of the losses has been related to N-concentration at 
anthesis in wheat (Papakosta & Gagianas, 1991), but this has not been confirmed for 
other species or in other experiments with wheat. 
Possible causes of P-losses aie leaf fall (Gigou, 1984) and translocation to the roots 
(leading to a sharp increase in P-concentration, as observed in sorghum; Arrivets, 
1976). 
Possible causes for K-losses are (i) leaf fall, (ii) translocation to roots and stubble 
(and eventually to the soil), as a consequence of its function as carrier (e.g. De Datta & 
Mikkelsen, 1985; Demolon quoted by Gigou, 1984; Mengel, 1979; Sayre, 1948) and 
(Hi) leaching by rain (Schenk & Feller, 1990; De Datta & Mikkelsen, 1985; Cooke 
quoted by Gigou, 1984; Mengel, 1979). 
Unfortunately, the relative contribution of the various processes could not be 
quantified for either of the three nutrients. Observations between flowering and maturity 
are less frequently available than at either those moments. In this respect, maize and 
wheat are best investigated and rice least. The results of the various characteristics are 
presented in Table 2.2. 
This means in words, for instance for millet, that in 64% of the experiments the N-
content at maturity was the maximum N-content, or maturity was the time of maximum 
content. For the remainder of the experiments, losses were observed, ranging from 2 to 
51% of the maximum content. 
As these ranges are not convenient for assessment of maximum nutrient content on 
the basis of nutrient content at maturity, a multiplier is proposed (Table 2.3). The 
multiplier is calculated as one plus the relative contribution of the median of losses. For 
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instance, the median of N-losses in millet equals 27% and the occurrence of losses is 
36%. Hence, the multiplier equals 1 + 0.27*0.36 = 1.10. 
Table 2.2. Median of nutrient content at harvest as fraction of maximum 
content, percentage of observations where nitrogen, phosphorus and 
potassium content at final harvest (maturity) equals maximum content 
(H=M) and for the remainder, the range of losses between maximum con-


















































































Sources: Millet: Cissi, 1988: van Duivenbooden & Cissé, 1989; Gregory 1979; Mundo et al., 1984: Payne, 1990: Rodrique: el al.. 1990; Siband. 1981: Singh <t Randhawa. 
1979; 
Sorghum: Babu i Singh, 1984b; Cigou. 1984; Govil & Prasad. 1974; Lafitte £ Loomis. 1988; Roy & Wright. 1974: Singh & Bains. 1973; 
Maize: Anderson el ai. 1984a; Bakema. 1981; Beaucliamp el at.. 1976: Bigeriego el ai. 1979; Btondet. 1971a; Bromfield. 1969; Grimme. 1985: Hanway. 1962: Hay el ai, 
1953; Jordan el ai, 1950; Karlen el ai. 1987,1988; Lubet i Juste, 1985; Mackay & Barber. 1986: Mehla i Singh. 1980: Mengel, 1979; Roads i Stanley, 1981; 
Sayre. 1948; Thorn <t Walkin, 1978: Versleegh. 1985; 
Rice.-Blondel, 1971b; De-Yin & Bao. 1985; Grimme. 1985: Humphreys et a/.. 19S7; Samantaray et ai. 1990: Schmer el ai, 1990; Sims i Place, 1968; 
Wheal: Boatvright £ Haas, 1961; DeTurk, 1942: Echeverria el ai. 1992: Bien i Spiert:, 1975.1980: Gasser i Thornburn. 1972; Gregory el ai, 1979,1981; Grimme, 
1985; Groot, 1987; van Keulen i Seligman. 1987; Khalifa el al.. 1977; Knowles i Watkin. 1931: Lai el ai. 1978; McNeal el ai. 1966: Mengel. 1979; Mohamed & 
Marshall, 1979;Page elai, 1977; Singh, 1962; Spiert: & Ellen. 1978; Spiert: i de Vos. 1983: Waldren i Flowerday. 1979. 
Table 2.3. Proposed multipliers for calculation of maximum nutrient 
content on the basis of nutrient content at maturity (= 1 + (the median 
of losses * the fraction of experiments showing losses)). 






















2.3 Dry matter and nutrient distribution 
2.3.1 Dry matter harvest index 
Dry matter harvest index (HI, the weight ratio of marketable product (grain) to total 
aboveground dry matter) is used as discriminator since dry matter distribution also plays 
a role in the distribution of nutrients and provides information on the potential use of 
the crop (food, fodder, or a combination of the two). Its value is determined by genetic 
factors and environmental conditions (Powell & Hons, 1992; Donald & Hamblin, 
1976). 
Probability curves have been constructed for millet, sorghum, maize, rice and 
wheat, under West-African and other conditions separately (Figures 5.2, 6.2, 7.1, 8.1 
and 9.1, respectively). The 50% level for millet, sorghum, maize and irrigated wheat 
under West African conditions is 0.22, 0.20, 0.41, and 0,45, respectively, compared to 
0.28, 0.31, 0.44 and 0.41, respectively in experiments from other parts of the world. HI 
of rice equals 0.43 in both conditions. 
Figure 2.3 shows the main characteristics of the frequency distribution for 





































A 75% quanti le 
+ median 
v 25% quanti le 
Millet Sorghum Maize Rice Wheat 
Figure 2.3. Characteristics of the frequency distribution of the harvest indices of 
various cereals world-wide. 
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Table 2.4. Average and standard error (s.e.) of harvest index for five 
major cereals. Different letters (a'e) denotes a significant difference 
at 95% probability for each characteristic. 
Millet Sorghum Maize Rice Wheat 
average 0.26a 0.27a 0.42^ 0.44b 0.41c 
s.e. 0.08 0.11 0.12 0.08 0.07 
(n) (480) (306) (344) (392) (329) 
For other crops such an analysis has not been performed, due to time restrictions 
and data availability. The average and range for each data set for these crops are 
tabulated in Chapters 10 to 14. 
Other relevant information, in relation to partitioning of total aboveground biomass, 
is the fruitharvest index (FHI) and grain-fruit ratio (GFR) of leguminous species. The 
FHI is defined as the weight ratio of grains and podshells to total aboveground biomass, 
and the GFR as the weight ratio of grains to grains and podshells. These indices are 
presented for groundnut in Tables 11.2 and 11.3, for cowpea in Tables 12.2 and 12.3 
and for bambara groundnut in Tables 13.1 and 13.2, respectively. 
2.32 Minimum and average nutrient concentrations 
Values of minimum concentrations for both marketable product and crop residues 
for the various crops should have been derived from results of chemical analyses of 
plants grown under nutrient-limiting conditions. However, as data referring to these 
conditions are scarce, the lowest values found in fertilizer experiments (Part B) have 
been defined as minimum concentrations (Table 2.5). With respect to those data, it 
should be realized that the original data may not be comparable because of different 
methods applied and for some crops remarks have been made (Section 5.3 -14.3). 
Average concentrations of the macro-nutrients in grains and straw at maturity of 
five cereals world-wide have been calculated (Table 2.6). Frequency distribution of 
these values is presented in Figure 2.4. 
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Table 2.5. Observed minimum concentrations [g kg'1] of major ele-
ments (ELE) in straw, pods and grains of the various crops, as 






















































































































































considered as potent 























































3) Value of groundnut used for calculations performed 
. = unknown. 
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Table 2.6. Average and standard error (s.e.) of nitrogen, phosphorus 
and potassium concentration [g kg'1] in grain and straw (including 
rachis) of five major cereals (n = number of observations). Different 










































































































































a 75% quanti 
+ median 
v 25% quanti 
le 
le 
Millet Sorghum Maize Rice Wheat 
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• average 
p « 10 
• average 
o average 
4 75% quanti 
+ median 
9 25% quanti 
le 
le 
Millet Sorghum Maize Rice Wheat 
Figure 2.4. Characteristics of the frequency distribution of nitrogen, phosphorus and 
potassium concentration in grain and straw of various cereals world-wide. 
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2.3.3 Nutrient harvest indices 
Nutrient harvest indices are defined as the ratio of nutrient content in the 
marketable product and in total aboveground dry matter. It also give information about 
the translocation from vegetative organs to reproductive organs in combination with the 
relative post-anthesis nutrient uptake or nutrient content at flowering. For nitrogen, this 
determines to a large extent potential grain yield (van Keulen & Seligman, 1987). In 
addition, the nutrient content of the grain determines its quality, hence is of importance 
for human consumption and in some cases also for animal consumption (e.g. van 
Duivenbooden, 1989). 
Nutrient harvest indices are, generally, dependent on (i) genetic properties, 
determining nutrient concentrations in plant organs (e.g. Subramanian et al., 1990; 
Alagarswamy & Bidinger, 1987; Seetharama et al, 1987; Chevalier & Schrader, 1977), 
(ii) climatological conditions, e.g. drought periods (e.g. Johnston & Fowler, 1991) and 
(Hi) fertilizer application, for instance, in rice and millet it has been observed that 
potassium harvest index decreased with increasing K-application rates (Gill & 
Kamprath, 1990; Piéri, 1979). The mechanism behind this latter observation is not 
explained, but relative shortages of phosphorus and nitrogen may play a role. 
Furthermore, the degree of N-lock-up (N irreversible incorporated in vegetative plant 
material) is important for the nitrogen harvest index, as reported for wheat by Eilrich & 
Hageman (1973). 
Figure 2.5 presents the main characteristics of the frequency distribution of the 
macro-nutrient harvest indices for the five cereals, the averages being summarized in 
Table 2.7. 
Table 2.7. Average values and standard errors (s.e.) of nitrogen (NHI), 
phosphorus (PHI) and potassium (KHI) harvest index for five major 
cereals. Different letters (a'e) denotes a significant difference at 
95% probability for each characteristic. 













0 . 4 7 a 
0 . 1 3 
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0 . 5 3 a 
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0 . 1 0 
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A 75% quanti le 
+ median 
v 25% quanti le 
Millet Sorghum Maize Rice Wheat 
Figure 2.5. Characteristics of the frequency distribution of nitrogen (NHI), phosphorus 
(PHI) and potassium (KHI) harvest indices of various cereals world-wide. 
Sources: Uittel: Balasubramanian & Nnadi. 1981: Bationo & Mokwunye. 1991: Bertrand et al., 1972: Blondel. 1971a; Coaldrake Jt Pearson, 1985; van Duivenbooden & 
Cissi, 1989; Carry, 1990: Gigou. 1984; Gosseye, unpublished: Jenny, 1974; Jones. 1976: Nabos el at., 1974; Pichot el a!., 1974; Fieri, 1979: Sharma & Swamp, 1989; 
Singh & Thakare, 1986: Traori. 1974; Vidal. 1963; Viani el al., 1990; 
Sorghum: Arrivas. 1976; Balasubramanian & Nnadi. 1981; Bennen el al.. 1990; Blondel. 1971a: Déal el al.. 1976; Dupont de Dinechin. 1968; Duncan <£ Baligar, 1990; 
Jacquinot. 1964; Jenny, 1974; Gigou. 1981.1984;Locke & Hons. 1988; Maranvillc elal.. 1980a; Myers, 1978a.b; Mucliow. 1990: Pal elal.. 1982:Perry & Olson. 1975; 
Rai. 1965a.b; Seelharama el al.. 1987; Singh i Bains. 1973: Turkhede & Prasad, 19SO; 
Maize: Ahlawal el al.. 1981; Allison. 1984; Anderson ei al.. 1984b; Beauchamp cl al.. 1976; Balasubramanian & Nnadi. 1981; Bigeriego el al., 1979; Blondel. 1971a; Dass <£ 
Singh, 1979; Deckard el al.. 1973; De Dalla. 1985; Duncan & Baligar, 1990; Dupont de Dinechin, 1968: di Fon:o el al.. 1982; Ganry, 1990; Gigou & Chabalier, 1987; 
Grave étal.. 1980; Hanway. 1962: Hay el al., 1953; Jenny. 1974; Jordan et al.. 1950: Jones. 1976; Kong & Osiname. 1979; Kang Se Yunusa, 1977: Kang étal., 1977; 
Loué, 1963; Lubel <$ Jusle. 1985; Maddux et al., 1991; Mehla A Singh. 1980: Moll cl al.. 1982: 1987; Ofori & Stern. 1987; Peck i MacDonald. 1975: Perry & Olsen. 
1975; Pollmer el al.. 1979; Rai, I965a.b; Sayre. 1948: Selke. 1940; Singh A Balasubmmanian. 1983; Sisworo et al.. 1990; Sparks et al., 1980: Thiagatingam étal., 1991; 
Thiraporn et al., 1983; Thom & Walkin, 1978; Traori, 1974; Zuber et al., 1954; 
Rice: Agarwal, 1980; Balasubramanian & Nnadi. 1981; Beye. 1973a. 1974: Blondel, 1971a; Bredere, 1966; Buslian i Singh. 1979; De Dalla. 1981; 1985; De Dalla a\ 
Mikkelsen. 1985; De-Yin & Bao. 1985; Duncan & Baligar, 1990; Gigou i Cltabalier. 1987; Gill & Kamprath. 1990; Humpltreys et al.. 1987; Imai. 1991; Jenny. 1974; 
Majumdar, 1973; Mahapatra & Pande. 1972: Palmer et al.. 1990; Ready & Palrick. 1976.1978; Sharma A Millra. 1991; Siband. 1972; Siband & Diatla. 1974; Singh a\ 
Modgal. 1978.1979; Singh & Singh. 1987a.b: Sisworo et al.. 1990; Traoré. 1974: Velly. 1972: Yoshida. 1981; 
Wheat: Alanasiu et al., 1978b; Balasubramanian & Nnadi. 1981; Bishop Je MacEachern, 1971; Black et al.. 1946; Boalwrighl & Haas. 1961; Cassman el al., 1992; Col cl al., 
1985; Duncan & Baligar, 1990; Eilrich & Hageman. 1973; Ellen & Spiert;. 1975.1980; Groot, 1987; Hamid, 1973: Hamid St Sarwar, 1977; Jolinslon & Fowler, 1991; 
Jones a at.. 1981; Khetawal el al.. 1972; Lal & Sharma, 1974: Lal el al., 1978; Maliwal. 1990: McNcal el el.. 1966: Mohamed & Marschall. 1979: Orphanos A Krentos. 
1980; Paccaud el al.. 1985; Papakosla & Gagianas. 1991: Racz el al.. 1965: Selkc, 1940: Singh & Balasubramanian. 1983; Spien: <£ Ellen, 1978: Spien: & de Vos, 
1983: Spinks & Barber. 1947; Stapper A Fisciter. 1990; Talali el al.. 1974; Thorne et al. 1988; Verstraelen d Livens. 1975: Waldren & Flowerday. 1979; Woodruff, 
1972. 
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The relationship between dry matter harvest index and nitrogen harvest index (NHI) 
and between phosphorus harvest index and NHI is also examined (Millet: Figure 5.12, 
sorghum: Figure 6.11, maize: Figure 7.11, rice: Figure 8.12 and wheat: Figure 9.11). 
However, these linear relations are spurious (Kenney, 1982; Reed, 1921), which means 
that any combination of the two data set will yield a linear relation because they have a 
common factor (i.e. HI). 
Furthermore, the relationship post-anthesis nutrient uptake to its associated harvest 
index was examined (Millet: Figure 5.13, sorghum: Figure 6.12, maize: Figure 7.12, 
rice: Figure 8.13 and wheat: Figure 9.12). 
2.4 Nutrient content as related to yield 
2.4.1 General description 
Although the moment of maximum content does not always coincide with maturity 
(Subsection 2.2.2), for evaluation of the relation between nutrient content and biomass 
production, nutrient content at maturity has been used. 
The relation between content of a nutrient and yield is generally linear at low 
uptake levels; at higher levels it deviates from linearity, reflecting higher concentrations 
of the nutrient in the tissue (grains and straw) at harvest. Finally, the curve levels off, 
indicating that the nutrient under consideration is no longer a constraint for unrestricted 
growth. The parameters describing that relation are thus initial slope ('use efficiency'), 
inflection point and maximum level. 
The initial slope and the variation between individual points for each nutrient are 
determined by many factors and their interactions. They include: 
1. Crop species and variety; 
2. Harvest index. Generally, a higher harvest index will imply a higher content to yield 
ratio; 
3. Weather conditions, especially rainfall. Water shortage, particularly during the 
reproductive stage may cause accelerated senescence of the leaf blades, hence, 
reduced rates of photosynthesis. Nitrogen is generally incorporated preferentially in 
the young tissue and diluted during further development. Interruption of the flow of 
carbohydrates to the filling grain due to reduced assimilation, results in grains with a 
high protein content and the initial slope decreases considerably, even under limited 
supply (van Keulen & van Heemst, 1982). In addition, under water shortage, 
translocation of nitrogen from vegetative material to the grains may be hampered 
(e.g. Hanson & Hitz, 1983), so that vegetative material may die with a high nitrogen 
content. Such situations result in a low content to yield value; 
4. Translocation capacity of the crop. Crops with a low translocation capacity will end 
up with high concentrations in the straw and consequently a low content to yield 
value; 
5. Post-anthesis uptake. If post-anthesis uptake is sufficiently high (Subsection 2.2.1), 
concentrations in straw can remain high and if the uptake rate can keep pace with 
the nutrient demand of the grains, also the concentration in the grain will be high. In 
some cases (e.g. wheat, Spiertz & Ellen, 1978), however, post-anthesis uptake did 
not result in higher yields, but in a lower yield/content ratio; 
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6. The moment of maximum nutrient content (Subsection 2.2.2); 
7. Availability of other nutrients. If one of the other macronutrients is available in 
limited supply, this may result in increased uptake of the nutrient considered 
('luxury consumption'), resulting in a lower value of the content to yield ratio; 
8. Management practices. A special place in agricultural production systems have 
ratoon crops. Ratooning is a practice to obtain a second harvest from a crop (ratoon 
tillers develop from basal auxiliary buds on the stubble of the main stem). Time of 
fertilizer application is important for biomass production (e.g. Ichii, 1988). In-
application before harvest of the main crop reduces to some extent its yield of the 
first crop, but promotes development of dormant buds and increases yield of the 
ratoon crop (Sun et al., 1988). Also Escalada & Plucknett (1981) concluded that for 
a successful sorghum ratoon crop, high N-applications rates are necessary. Borden 
(1944) concluded that ratoon sugar cane had a lower nitrogen use efficiency than 
without ratooning. 
9. Finally, the notation P and K has been used for P2O5 and K2O, respectively. On the 
basis of plant tissue concentrations, sometimes this confusion could be cleared 
(Subsection 2.3.3). 
The level of the plateau is determined by the growth factor in short supply and is, in 
the 'potential growth' situation, a function of available solar energy during the plant's 
growth period (van Keulen, 1982). 
2.42 Nitrogen 
The relationship N-content to yield is presented graphically in detail for all crops in 
Part B. Here, that relation is discussed for five major cereals: millet, sorghum, maize, 
rice and wheat (Figure 2.6). In this figure the average slope (YNA) is given, and the 
envelope of all points is called the initial slope or initial nitrogen use efficiency (YNI). 
For the initial slope of the relation N-content to yield (Figure 2.6), sorghum and rice 
show the highest values (80 kg kg"1), maize and wheat somewhat lower, and millet the 
lowest (45 kg kg"1). Also the average value is highest for rice (54 kg kg"1) and lowest 
for millet (26 kg kg"1). The other three cereals show similar values (37-41 kg kg"1), 
which are significantly different, except among sorghum and wheat (Table 2.8). Within 
a species, environmental and genetic differences have no effect on the initial slope, 
except for millet. It differs among two major agro-ecological zones, i.e. 35 kg kg"1 in 
Senegal and 45 in India, being mainly the result of a higher harvest index in India, 0.28 
versus 0.22 (Chapter 5). 
On the basis of the relevant figures presented in Part B, the eye-fitted initial slopes 
have been summarized for all crops in West Africa in Table 2.9. 
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Figure 2.6. The relation between total nitrogen content (NJ and grain yield for millet, 
sorghum, maize, rice and wheat. YNI - initial nitrogen use efficiency and YNA = 
average ratio yieldIN-content. 
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Table 2.8. 25% quantile, median, 75% quantile, average and standard 
error (s.e.) of grain yield nitrogen content at maturity [kg kg'1] for 
five major cereals (n = number of observations). Different letters 










































Table 2.9. Observed initial slope of grain yield and nitrogen content 
at maturity [kg kg'1] and calculated indicative values on the basis of 
harvest index (HI), fruit-harvest index (FHI) and grain/fruit ratio 
































































The values of the observed initial slopes (Table 2.9) differ from those applied by 
van Keulen & Breman (1990), which are generally higher, indicating that the nutrients 
are further diluted. Also values reported by Janssen et al. (1990) for maize are higher 
than those in Table 2.9: 70 versus 58 for nitrogen. The reason for these differences are 
not fully understood, and further investigations in this area are necessary. As mentioned 
earlier, this envelope represents the observed slope for nutrients at maximum dilution. 
However, in agricultural practice such a dilution seems not realistic due to various 
reasons (e.g. lack of rainfall, other nutrients limiting, etc.). Therefore, a multiplier has 
been introduced, its value dependent on system intensity. Using the distribution of 
biomass as presented in Subsection 2.3.1, the minimum concentrations of N, P and K 
(Table 2.5) and the multiplier defined for semi-intensive systems (i.e. 1.3, Section 3.2), 
the slopes are calculated (Table 2.9). As a consequence of the introduction of the 
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multiplier, the values are lower than the initial slope, but compared to the majority of 
points in the relevant figures, the values are still relatively high. This means that the 
value of 1.3 results in an underestimate of nutrient uptake; for intensive systems, a value 
of 1.7 seems more appropriate (Table 2.9). 
2.43 Phosphorus 
For the relationship of P-content to yield (Figure 2.7), rice show the highest initial 
slope (850 kg kg"1) and millet the lowest (350 kg kg-1). It is more or less similar in 
sorghum and wheat (500 kg kg-1) and somewhat higher in maize (600 kg kg-1). 
Average slopes show the same ranking, with the difference among sorghum and wheat 
not significant (Table 2.10). 
On the basis of the relevant figures presented in Part B, the eye-fitted initial slopes 
and calculated indicative values have been summarized for all crops in West Africa in 
Table 2.11. 
Table 2.10. 25% quantile, median, 75% quantile, average and standard 
error (s.e.) of grain yield and phosphorus content at maturity [kg 
kg'1] for five major cereals (n = number of observations). Different 
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Figure 2.7. The relation between total phosphorus content (Pu) and grain yield for 
millet, sorghum, maize, rice and wheat. YPI = initial phosphorus use efficiency and 
YPA = average ratio yieldlP-content. 
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Table 2.11. Observed initial slope of grain yield and phosphorus 
content at maturity [kg kg'1] and calculated indicative values on the 
basis of harvest index (HI), fruit-harvest index (FUI) and grain/fruit 
ratio (GFR) and minimum concentration and multipliers for major crops 
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2.4.4 Potassium 
The initial slope of the relationship K-content to yield varies more than for the other 
two nutrients, for two reasons. Firstly, at maturity the larger part of the potassium is in 
the straw. Consequently, variations in harvest index have a stronger effect on the initial 
slope than for nitrogen and phosphorus. Secondly, potassium has a double function in 
the plant: it is needed for certain physiological functions (osmotic and ionic regulation, 
cofactor and activator for many enzymes of carbohydrate and protein metabolism, 
Baligar et al., 1990), but also serves as a positive charge, accompanying organic and 
inorganic anions during transport through the plant (van Keulen & van Heemst, 1982). 
This means that the relation K-content to yield is difficult to interpret and instead, the 
relation to total aboveground biomass is used. 
For the five major cereals, this relationship is presented in Figure 2.8, whereas in 
Part B more detailed figures are presented for all crops. Data on the relationship of K-
content to total aboveground biomass (Figure 2.8) are more scarce than on the 
preceding relationships. Here, sorghum, maize and rice show more or less the same 
initial slope (200 kg kg"1), wheat a somewhat lower slope (170 kg kg-1) and millet the 
lowest (100 kg kg"1). Average values are highest for maize and sorghum (119-126 kg 
kg"1, not statistically different, Table 2.12), somewhat lower for wheat (107 kg kg"1) 
and rice (92 kg kg"1) and lowest for millet (64 kg kg"1). 
On the basis of the relevant figures presented in Part B, the eye-fitted initial slopes 
and calculated indicative values have been summarized for all crops in West Africa in 
Table 2.13. 
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Figure 2.8. The relation between total potassium content (Ku) and total aboveground 
biomass (T)for millet, sorghum, maize, rice and wheat. TKI = initial potassium use 
efficiency and TKA - average ratio total aboveground biomasslK-content. 
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Table 2.12. 25% quantile, median, 75% guantile, average and standard 
error (s.e.) of total aboveground dry matter to potassium content at 
maturity [kg kg'1] for five major cereals (n = number of observations) 











































Table 2.13. Observed initial slope of total aboveground dry matter and 
potassium content at maturity [kg kg'1] and calculated indicative 
values on the basis of harvest index (HI), fruit-harvest index (FHI) 
and grain/fruit ratio (GFR) and minimum concentration and multipliers 































































Unlike for nitrogen and phosphorus, scatter in the relation of K-content to total 
aboveground biomass can substantially be reduced, namely by combining K with the 
uptake of other cations like magnesium (Mg) and calcium (Ca). The combined content 
of K+Ca+Mg at maturity is linearly related to total aboveground biomass. For rice 
(Figure 8.8) the correlation factor is lower than for millet, sorghum and maize (Figures 
5.9, 6.8 and 7.8, respectively), and the value for wheat (figure 9.8) should not be 
overestimated, as only two observations were available. The linearity of this relation 
indicates that these three elements are available in the soil in sufficient amounts and that 
some functions in which potassium plays a role can be taken over by Mg or Ca (van 
Keulen & van Heemst, 1982; de Wit et al., 1963). Calcium regulates then osmotic and 
inonic processes (membranes) and magnesium works as cofactor in enzymatic reactions 
(Baligarefa/., 1990). 
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For a theoretical dry matter production of 10 ton, millet and rice show the highest 
K+Ca+Mg-content (217 kg kg"1), sorghum and maize a considerably lower content 
(about 130 kg kg-1), while wheat shows the lowest (92 kg kg-1). 
2.5 Nutrient content as related to nitrogen content 
The ratio of nutrient content to nitrogen content in total aboveground dry matter at 
maturity is an additional variable, useful in the interpretation of fertilizer experiments. 
For the P/N ratio an optimum value has been defined (Penning de Vries & van Keulen, 
1982), but not for others. 
2.5.1 P/N 
The P/N ratio is an important parameter, indicating the relative availability of 
phosphorus and nitrogen. Penning de Vries & van Keulen (1982) observed in Sahelian 
grasses at flowering a range in the P/N ratio of 0.04 to 0.15. They considered 0.10 as 
optimum, lower values indicating a relative shortage of phosphorus, higher values a 
relative shortage of nitrogen. Especially old and well fertilized plants show sometimes a 
P/N ratio that considerably exceeds 0.15 (Penning de Vries et al., 1980). Here that 
relation is evaluated for crops at maturity. 
The P/N ratio ranges in millet and sorghum from 0.06 to 0.34, in maize from 0.05 to 
0.28, in rice from 0.04 to 0.31, in wheat from 0.10 to 0.31 (Figure 2.9). The P/N ratio 
for groundnut and cowpea ranges in West Africa from 0.04 to 0.10 (Figure 11.7) and 
from 0.11 to 0.57 (Figure 12.7), respectively, and it ranges from 0.13 to 0.32 in cotton 
(Figure 14.5). Differences in average P/N ratio among the five major cereals are small, 
despite their large differences in growing conditions; rice shows the highest average 
value (0.17), followed by wheat (0.16), millet, sorghum and maize (0.14-0.15). The 
difference among the last three species is not significant (Table 2.14). 
Table 2.14. Average and standard error (s.e.) of the P/N ratio in five 
major cereals. * denotes significant difference at 95% probability (n = 
number of observations). 
Millet Sorghum Maize Rice Wheat 
average 0.14a 0.15a 0.14a 0.11b 0.16c 
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Figure 2.9. The relation between total nitrogen content (NJ and total phosphorus 
content (Pu) at maturity f or millet, sorghum, maize, rice and wheat. 
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The values of P/N ratio found in this study (Table 2.14) differ, however, 
considerably from those reported earlier by Penning de Vries et al. (1980) in grasses, 
ranging from 0.04 to 0.15, while values exceeding 0.15 were considered exceptional. 
The much higher values reported here, which for all five species exceeded 0.10 on 
average, would imply, according to their hypothesis, a relative shortage of nitrogen in 
many parts of the world. That seems unlikely, thus there should be another explanation 
for a high P/N ratio: either a low N-content or a high P-content or a combination of 
both. 
A low N-content, implying maximum dilution and translocation, points to nitrogen 
as growth-limiting factor. This may have been the case, for instance, in an experiment 
with millet, where yield did not respond to increased phosphorus content (Piéri, 1979), 
but for other experiments this seems unlikely. Another contributor to a low N-content 
could be N-losses through (i) leaf fall, (ii) transport to the atmosphere in gaseous form, 
mainly as NH3, but also as N2 and NOx (Farquhar et a/., 1983), (iii) leaching by rain 
(Gigou, 1984) and (iv) translocation to the roots (Arrivets, 1976). However, also for 
phosphorus losses are reported and the magnitude of these losses are about similar to 
those for N, as mentioned above. Hence, there seems no reason to assume that the P/N 
ratio at maturity differs from that at the moment of maximum content. 
A possible explanation for an increase in P-content might be that phosphorus 
accumulates as PO42" or HP04" instead of organic anions, to maintain electro-neutrality 
at high uptake of K+ (Ca2+ and Mg2+) ions. However, information to test this 
hypothesis was lacking. 
Another explanation for the deviating behaviour of cereals could be the difference 
in nutrient uptake in the course of the growing season. All the five species show the 
capacity to take up nutrients after flowering, in contrast to grasses (Subsection 2.2.1). 
During the post-anthesis period, average relative uptake of phosphorus exceeds that of 
nitrogen in sorghum, maize and wheat, but not in millet and rice. Hence, the P/N ratio in 
the latter two species must have even been higher at anthesis. Consequently, the value 
of 0.10 can not be considered optimum for cereals. On the basis of the following an 
alternative optimum P/N ratio is suggested. 
In the relation nutrient content to yield (dry matter) the initial slope (100% quantile) 
indicates maximum dilution, hence a relative shortage of the nutrient considered, 
whereas the lowest values of the ratio yield and nutrient content (0% quantile, not 
drawn in the figures presented) indicate a relative surplus of the nutrient considered. On 
the basis of these considerations, it is hypothesized that the 25% and 75% quantiles 
(Tables 2.9 and 2.11) can be used as indicator for nutrient-limited crop growth. Values 
exceeding the 75% quantile indicate a relative shortage of the nutrient considered, 
whereas values below the 25% quantile indicate that other factors (e.g. other nutrients 
or environmental conditions) were limiting. 
These hypothetical values are examined further through theoretical P/N ratios 
(Table 2.15). This table shows that under severe P-deficiency the P/N ratio is on 
average for the five species 0.06. If N and P are equally available (diluted or surplus) it 
is 0.15, and if N is in severe shortage it is 0.33. Therefore, the P/N ratio of 0.15 is 
considered optimum for cereal growth, and consequently values exceeding this value 
indicates a relative N-shortage and values below this value a relative P-shortage. 
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Table 2.15. Theoretical P/N ratios on the basis of the ratios yield to 
nutrient content at maturity from Table 1. YN = yield/N-content, YP = 
yield/'P-content, 25 = 25% guantile, 50 = median, 75 - 75% quantile, 100 

































































For the West African conditions, the ratio of K-content to N-content at maturity for 
millet ranges from about 0.6 (van Duivenbooden & Cissé, 1989; Ndiaye, 1978) to 3 
(Jenny, 1974; Piéri, 1979). For sorghum, these values are 0.5 (Jacquinot, 1964) and 2.7 
(Gigou, 1986a; 1986b), for cowpea about 0.9 (Jacquinot, 1967; Nnadi et al., 1976; 
RFMC, 1980) and for cotton 0.9 and 1.3 (Déat et ai, 1976). 
2.5.3 SIN 
For the West African conditions, the ratio of sulphur content to nitrogen content at 
maturity for millet ranges from 0.05 (Pichot et al, 1974) to 0.30 (Jenny, 1974) and for 
sorghum from 0.06 (Jenny, 1974) to 0.32 (Tourte et al., 1971). For other crops this 
relationship has not been worked out, due to lack of time (Examples are given e.g. by 
Kanwar & Mudahar, 1986). 
2.5.4 CaIN 
For the West African conditions, the ratio of calcium content to nitrogen at maturity 
for millet ranges from 0.10 (Tourte et ai, 1971) to 0.35 (Traoré, 1974) and for sorghum 
from 0.04 (Tourte et al, 1971) to 1.15 (Tourte et al, 1964). For other crops this 
relationship has not been worked out, due to lack of time. 
31 
2.55 Mg/N 
For the West African conditions, the ratio of total magnesium content to nitrogen at 
maturity for millet ranges from 0.20 (Jenny, 1974) to 0.52 (Piéri, 1983; 1985) and for 
sorghum from 0.08 (Tourte et al., 1964) to 0.40 (Déat et al., 1976). For other crops this 
relationship has not been worked out, due to lack of time. 
2.6 Fertilizer recoveries 
Fertilizer recoveries have been calculated in this report by linear regression between 
fertilizer application and total nutrient content at harvest. The relation between fertilizer 
application and nitrogen and potassium content is generally linear over the full range of 
applications. For phosphorus this linearity does not hold in general. At very high 
application rates, the capacity of the crop to take up, transform and synthesize the 
nutrient in its structural biomass may become limiting. This results in discontinuities in 
the relation, and therefore in the summarizing tables (Tables A 1.1 - Al.3) the maximum 
value is given (either the application to which the linear relationship holds or maximum 
level of application) for those experiments which have been presented graphically in 
Part B. Although the method is originally intended for monofactorial experiments 
(either N or P or K), in Part B all combinations reported in literature (e.g. N-recovery 
under P fertilizer application) are given. 
The intercept with the X-axis in Quadrant B (application = 0 kg ha"1) provides 
information on supply from natural sources, governed by quantity and quality of the 
organic matter present in the soil. This value may vary from year to year due to effects 
of management and environmental conditions (rainfall, temperature) on the 
decomposition rate of organic matter, the immobilization or mineralization rate of the 
nutrient considered and the losses of these nutrients. 
To distinguish between farmyard (and other forms of organic) manure and 
inorganic fertilizer as a source of nutrients for the crop, treatments with and without 
organic amendments are presented separately in Quadrant B. The effect of manure 
application in terms of nutrient supply is then represented by the distance between the 
two lines on the nutrient content (= X) axis. 
2.6.1 Nitrogen 
Schematically, fertilizer nitrogen applied to the soil may be distributed between five 
fractions: incorporated in soil organic matter, leached, lost by denitrification, volatilised 
or taken up by the crop. Soil erosion losses have been neglected. 
Nitrogen fertilizer recovery (expressed in kg N taken up per kg N applied) varies 
considerably, depending among others on rainfall, availability of P, crop type, type of 
fertilizer and mode and time of application, as illusttated in the three-quadrant diagrams 
for millet (Figure 5.3), sorghum (Figure 6.3), maize (Figure 7.2), rice (Figure 8.2), 
wheat (Figure 9.2), groundnut (Figure 11.1) and cowpea (Figure 12.2). Table Al.1 
summarizes the recovery fractions derived from these figures 5.3, 6.3,7.2, 8.2, 9.2,11.1 
and 12.2 and from additional experiments reported in literature. 
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Some remarks can be made: striking is the low value of P3 Kolo in Niger in 1972 
(Figure 5.3d). The source (Pichot et al., 191 A), indicates that a period of drought 
occurred at the end of the growing season, resulting e.g. in grains and straw saturated 
withN. 
In one experiment involving organic manure, a recovery of 1.05 for sorghum has 
been observed in Burkina Faso by Arrivets (1976, Figure 6.3b). This indicates that more 
nitrogen could be taken up than applied in the form of inorganic nitrogen. Apparently, 
mineralization in organic manure was favourable, which is however not always the case 
(van Duivenbooden & Cissé, 1992). 
Results from experiments with groundnut show that application of small amounts of 
N-fertilizer results in substantial increases in N-uptake, leading to 'apparent' recoveries, 
exceeding 4 kg kg"1. This must be explained by the stimulating effect of small 
quantities of 'starter-N' on symbiotic nitrogen fixation (e.g. Summerfield et al, 1978). 
The higher average N-recovery fraction in wheat (Table 2.16), compared to those in 
millet, sorghum and maize, may be explained on one hand by the fact that wheat is 
grown under conditions where fertilizer use generally has a longer history. Recovery 
fractions increase with continued fertilizer application, as observed in grasslands in the 
Netherlands (van der Meer & van Uum-van Lohuyzen, 1986). On the other hand N-
losses, as discussed above, are more likely to occur under tropical conditions than in 
temperate regions. For instance, N-losses from wheat at the end of the growing season 
were considerable in Argentina (Echeverria et al, 1992), compared to negligible losses 
in the Netherlands (Spiertz & Ellen, 1978). These losses expressed as percentage of 
maximum content are for wheat on average 3%. Only sorghum show lower losses (1%), 
maize shows an equal value, and the other species show higher values (rice: 6% and 
millet 10%; Subsection 2.2.2). Hence, N-recovery fractions, measured at the moment of 
maximum uptake, would only have been slightly different among species. 
2.62 Phosphorus 
As for nitrogen, the phosphorus fertilizer recovery fraction varies considerably 
among experiments, as illustrated in the three-quadrant diagrams for millet (Figure 5.4), 
sorghum (Figure 6.4), maize (Figure 7.3), rice (Figure 8.3), wheat (Figure 9.3), 
groundnut (Figure 11.2) and cotton (Figure 14.1). Table A 1.2 summarizes the recovery 
fractions derived from those experiments. 
The possible distribution of fertilizer-P is among four fractions: fixed in the soil 
mineral fraction, incorporated in soil organic matter, residual P (available the year after 
application) and taken up by the plant (on average 10-16%, Table 2.16). A major cause 
of P-losses is fixation in clay particles. However, information that can be used to 
explain the observed differences in recovery fractions among the five species is scarce. 
P-losses at the end of the growing season can not make up that difference, as average P-
losses, as fraction of the maximum content, range from 0% (sorghum) via 4-5% (millet, 
maize and wheat) to 9% (rice; Subsection 2.2.2). 
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Table 2.16. Minimum, 25% quantile, median, 75% guantile, maximum, 
average and standard error (s.e.) of recovery fractions of nitrogen, 
























































































































































Experiments on crop response to potassium fertilizer are scarce. Piéri (1979) has 
carried out K-fertilizer experiments on both millet and groundnut. Ekambaram et al. 
(1975) concluded that for C07 finger millet on 4 soil types grain and straw yields 
increased following K-application, but not significantly. Beye (1974) gives data on 
experiments with rice earned out on acid soils in south Senegal. However, as the 
potassium concentrations seem too low (Table 8.1), no three quadrant diagrams have 
been constructed for these experiments. Results are presented for millet (Figure 5.5), 
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maize (Figure 7.4), rice (Figure 8.4), wheat (Figure 9.4) and groundnut (Figure 11.3). 
Table Al.3 summarizes the recovery fractions derived from those experiments and 
those from additional experiments from the literature. 
The possible distribution of potassium is among four fractions: incorporated in soil 
organic matter, leaching, incorporated in the soil mineral fraction and taken up by the 
plant (on average 24-38%, Table 2.16). Due to the low number of K-recovery fractions 
only tentative conclusions can be drawn. The low K-recovery fraction for wheat may be 
associated with the high K-losses (35% of maximum content, Subsection 2.2.2). For 
millet these losses are 2%, for maize 7%, for sorghum 9% and for rice 13% (Subsection 
2.2.2). Therefore, if the K-recovery fraction is calculated at the moment of maximum 
K-content, the value would be identical for all five species, except for wheat, that would 
have probably a higher value. 
2.6.4 Sulphur 
Sulphur is important for growth of legumes. One experiment with sulphur 
application on cowpea has been found in literature (Fox et al., 1977), but unfortunately 
a mixture of N, P and S was applied (Figure 12.3). 
Effects of sulphur application on grain yield of millet, sorghum and maize have 
been determined by Friesen (1991), but no S-content has been reported for those 
experiments. Reported S recovery values are 0.05 for millet, 0.17 for sorghum and 0.08 
for maize. 
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3. NUTRIENT REQUIREMENTS CALCULATION 
PROCEDURE (NUREQ) 
3.1 Introduction 
The nutrient requirements calculation procedure (NUREQ) calculates annual 
fertilizer or manure requirements in a target-oriented way, i.e. on the basis of 
exogenously determined target yields. As in some production techniques neither of 
these inputs is applied, fallowing is used as a practice to maintain soil fertility. 
The calculations are based on the dynamics of nutrients within the production 
system (Figure 3.1). The figure shows, starting on the right hand side the possible 
nutrient inputs for the soil. Nutrients from farmyard manure (no 6), from inorganic 
fertilizer (5) and from various natural sources: rain, dust, run-on, flooding by river, 
irrigation water and micro-organisms (4). In addition, nutrients become available 
through mineralization of soil organic matter (10). In the soil these nutrients are subject 
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Figure 3.1. Schematized dynamics of macronutrients (nitrogen, phosphorus and 
potassium) in the production system. 
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through leaching, volatilization, irreversible fixation or incorporation in old soil organic 
matter (3). In legumes, N-fixation (9) contributes to the supply for the crop. The 
nutrients in the crop are partitioned among marketable product (thus completely 
exported from the field), root and stubble and crop residues. Nutrients from crop 
residues may partly be returned back to the field through the animal (6). Incorporation 
of biomass in the soil (7) and burning (8) aie thus the last two sources of nutrient inputs. 
Definition of sustainability in terms of nutrients implies that all nutrients taken up 
by the crop and lost from the system by surface runoff, erosion and other processes 
must be covered completely by inputs from natural sources and external sources. The 
procedure is restricted to nitrogen (N), phosphorus (P) and potassium (K). Unless 
indicated otherwise, yields and concentrations are on a dry weight basis. 
Three cropping system intensities have been defined: (i) extensive, (ii) semi-
intensive and (Hi) intensive. Extensive refers to production techniques without any 
external inorganic fertilizer, intensive to techniques with high levels of such inputs and 
semi-intensive to intermediate levels. In addition, intensive systems include a high 
degree of innovative practices. Application of farmyard manure is considered extensive, 
because it refers to transfer of fertility within a given area. Fallowing can be interpreted 
as transferring arable fields towards surrounding pastures and manure application as 
transferring fertility towards arable fields by exploitation of the surrounding pasture by 
animals (Quilfen & Milleville, 1983; Tourte, 1963). 
The calculation procedure, actually performed with a spreadsheet (EXCEL), 
consists of the following steps. First, relevant soil types are characterized and 
subsequently target yield and biomass distribution among the principal plant organs are 
defined in relation to soil type. Multiplying the biomass components with their 
respective nutrient concentrations results in the required content, i.e. total nutrient 
uptake. Subsequently, the various sources of the nutrients are quantified and finally the 
required amount of farmyard manure and/or inorganic fertilizer or the length of the 
fallow period is calculated. 
3.2 Soil characterization 
In the present study 15 soil types as presented in Table 3.1 have been distinguished. 
As illustrated in Figure 3.1, various processes play a role in soil nutrient cycles. The 
first process that have to be quantified is that of soil erosion and runon-runoff. Erosion 
losses may be considerable under certain conditions (Stoorvogel & Smaling, 1990), but 
for the definition of sustainable production systems this type of losses should be 
reduced by all possible methods (e.g. terracing, planting of trees and tall grasses). For 
detailed information about these measures, reference is made to e.g. Rochette (1989). 
For the Fifth Region of Mali, losses due to erosion and run-off, and inputs by run-on 
and dust have been neglected under the assumption that they compensate each other. 
Subsequently, processes involved in the nutrient cycles in the soil system have to be 
quantified. To derive the required amount of fertilizer from crop nutrient requirements, 
the recovery fraction must be established. The recovery fraction (REC) is defined as: 
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REC = (CONf - CONO) / APP (1) 
where, 
CONf = Nutrient content in crop at maturity following fertilizer application [kg ha"1]; 
CONO = Nutrient content in crop without fertilizer application [kg ha"1]; 
APP = Amount of fertilizer applied [kg ha"1]. 
Table 3.1. Characterization of distinguished soil types in the Fifth 















































sandy loam, loam 
gravelly sandy 
loam, clay loam 
sandy clay, loam 
sandy clay, loam 
silty clay 
loam 
silty clay, loam 




































low - medium 






medium - low 
low - medium 
medium - high 
high 
medium -low 
Source: Cissé & Gosseye, 1990, 
In situations where detailed results of fertilizer experiments are lacking, the 
recovery fraction has to be estimated on the basis of an assumed distribution of the 
applied N, P and K among the various processes illustrated in Figure 3.1 (3). It is 
assumed that the behaviour of nutrients in the soil is independent of their source 
(Section 3.4). The estimated distribution applies to an equilibrium situation. For 
phosphurus in this situation, the amount of residual phosphorus also becomes available 
for plant uptake. Hence, the fractions 'residual' and 'plant uptake' are summed in the 
calculations. If soil improvement in terms of nutrient availability (from actual to 
equilibrium situation) has to be quantified, the partitioning may change considerably. 
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For the Fifth Region of Mali, the distribution has been assessed for each 
combination of soil type and nutrient for both rainfed and irrigated situations (Tables 
3.2 and 3.3, respectively). For instance, for nitrogen applied to soil type Bl (loamy 
sand), the partitioning is: incorporation in soil organic matter 0.3, leaching 0.15, 
volatilization 0.15, denazification 0.10 and hence apparent recovery (plant uptake) 0.30. 
Because of limited information on the actual soil fertility status of the various soils, no 
distinction has been made between the four distinguished rainfall zones (Cissé & 
Gosseye, 1990). 
Table 3.2. Distribution of nitrogen, phosphorus and potassium among 
the various processes for the various soil types of the Fifth region 































































































































































































Table 3.3. Distribution of nitrogen among the various processes for 
irrigated rice cultivation. For phosphorus and potassium, see Table 
3.2. 
PROCESS SOIL TYPE 






















Compared to world-wide average values (Section 2.6), relatively low recovery 
fraction values are assumed for this region, but the former have generally been obtained 
under experimental conditions and not in fanners fields. In addition, the fraction of 
fertilizer incorporated in soil organic matter is set relatively high as at present, fertilizer 
application in sub-Saharan Africa is very limited (Bumb, 1991; Vlek, 1990). It is likely 
that this fraction will decrease gradually in the course of time as observed in the 
Netherlands (van der Meer & van Uum-van Lohuyzen, 1986). Also Wolfe/ al. (1987) 
have demonstrated that the recovery increases following continuous fertilizer 
application, and consequently, the recommended fertilizer rates have to decrease. As 
this will take its time, conservative values are used to avoid too much optimism. 
3.3 Crop nutrient content 
Total content of N, P and K at maturity for each production technique is calculated 
as the product of biomass of marketable product and crop residues (including roots and 
stubble) and their respective concentrations at harvest. 
Target yields were defined per agro-ecological zone, each characterized by more or 
less homogeneous conditions with respect to rainfall and soil characteristics. 
Potential yields (attainable under optimum supply of water and nutrients, and in the 
absence of weeds, pests and diseases) and yields under water-limiting conditions can be 
obtained from simulation models (e.g. Erenstein, 1990; van Keulen & Seligman, 1987; 
Penning de Vries et al., 1989). In actual practice, however, yield may be limited by 
either water or nutrient shortages at different periods during the growth cycle and due to 
pests and diseases. Fore these situations, yields from farmers fields have been used as 
target yields. 
Total aboveground biomass has been calculated from simulation models for millet, 
sorghum and cowpea as function of soil type (Table 3.1) and climatological conditions 
and their crop specific characteristics. It appeared from these results that crop residue 
production depends on crop production technique, soil type and rainfall. Simulated crop 
residue production was plotted against simulated grain yield for normal and dry years 
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over the 30-year period for each soil type in rainfall zone I (Cissé & Gosseye, 1990), as 
illustrated for millet, sorghum and cowpea in Figure 5.2, 6.1 and 12.1, respectively. 
Subsequently, for each target yield of an activity (i.e. for all other rainfall zones), crop 
residue production was derived from that curve. As in the MGLP-model only linear 
relations can be included, a linear regression line has been calculated relating crop 
residue production to target yield (Straw = a * target yield + c). Hence, in the output-
table of cropping systems crop residue production has both a yield-dependent and an 
area-dependent component. 
However, these regression lines can not be applied for the extensive and semi-
intensive techniques, as the harvest indices (ratio of yield to total aboveground biomass 
production) are generally higher (Donald & Hamblin, 1976). As pertinent information 
was not available, the regression lines have been adapted on the basis of common 
insight, such that the intercept with the yield axis (c) was lower and the slope of the line 
(a) somewhat steeper for yields up to 900 kg ha"1 (Table 3.4). 
An alternative approach is based on the generalized harvest indices (Subsection 
2.3.1), which has been used for fonio and rice. Also for groundnut, generalized dry 
matter distribution data have been used. 
The weight of roots and stubble has been calculated on the basis of shoot-root 
ratio's, defined as a function of crop and system intensity. For cereals these values have 
been set at 4, 4 and 6 for the extensive, semi-intensive and intensive technique, 
respectively, and for leguminous species at 5, 5 and 7. 
Table 3.4. Straw yield [S, kg ha'1] as function of yield [Yt, kg ha 1] 



































































































600 + 4.3*Yt 
600 + 4.3*Yt 
600 + 2.3*Yt 
600 + 3.7*Yt 
300 + 3.0*Yt 
200 + 3.5*Yt 
3480 + 0.42*Yt 
4310 + 0.41*Yt 
300 + 3.0*Yt 
200 + 2.0*Yt 
300 + 2.8*Yt 
90 + 2.9*Yt 









































Source: Figures 5.2, 6.1 and 12 .1 . 
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Minimum concentrations in the major crop components are given in Table 2.6. 
However, nutrients are practically never diluted to these minimum concentrations due to 
negative effects of other yield-limiting factors. To take this phenomenon into account, a 
multiplier has been introduced defined as a function of system intensity, which has been 
has been set at 1.2 and 1.3 for grain and straw, respectively for extensive and semi-
intensive systems. For intensive systems, these values are 1.4 and 1.7, respectively. 
Because of the low number of observations for onions and 'other vegetables' (van 
Duivenbooden et al., 1991), no multiplier has been applied for these crops. 
3.4 Sources of N, P and K 
It is assumed that the behaviour of nutrients in the soil is independent of their 
source (inorganic fertilizer, manure, crop residues). Evidence for this assumption is 
scarce. For instance, nutrient N and P losses in farmyard manure and straw burried in 
the soil during the growing season in Senegal, amounted to 30-35% of original ra-
content and for P about 70% in both materials (van Duivenbooden & Cissé, 1989). In 
Niger, millet residues were applied as surface mulch and after five years, millet yields 
were comparable those with inorganic fertilizer application (at a rate of 30 kg N and 13 
kg P per ha; Geiger et al., 1992). Furthermore, they measured available-P in the surface 
20 cm. In the plot with mulch and P-fertilizer it was equal to that in the plot with mulch 
plus the one with P-fertilizer, but as mulch also acts through entrapment of eolian 
materials and stabilizing the original soil (resulting in a higher surface of 15-20 cm 
when compared with the control plots) distinction between the various P-sources is 
difficult. 
3.4.1 Nutrient availability from natural sources 
In addition to nutrients originating from mineralization during decomposition of old 
soil organic matter (Figure 3.1, 10), nutrients from other natural sources are available, 
such as rain, dust, irrigation water, river water in flood-retreat crops and micro-
organisms (free living bacteria; 4). Hence, all these processes have to be quantified. 
Data on availability from natural sources can be derived from fertilizer experiments, 
if they are carried out and analysed properly. This implies that nutrient content has also 
been determined as discussed in detail by van Keulen (1982) and Siband et al. (1989). 
Consequently the results can be evaluated by means of the three quadrant figures 
(Figure 2.1). 
3.4.1.1 Natural soil fertility 
Natural soil fertility is defined as the total amount of a nutrient mineralized from the 
stable organic matter and originating from weathering processes in the course of the 
growing season. 
A method to obtain the supply from natural sources, is following the QUEFTS-
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system (Janssen étal, 1990) based on soil chemical characteristics. 
However, in the absence of independent data on natural soil fertility or on soil 
chemical characteristics (as in this study), natural soil fertility can be defined as the 
ratio of the required uptake of the nutrient to the fraction of the fertilizer allocated to 
soil organic matter. In other words, the amount of fertilizer nutrients incorporated in 
stable soil organic material is identical to the amount mineralized from that source. This 
follows from the assumption of an equilibrium situation. 
3.4.1.2 Rain and dust 
The amount of nitrogen in rainwater for the West African situation is estimated at 
0.0065 kg ha"1 mm"1 (Krul et al, 1982), that of phosphorus and potassium at 0.0007 
and 0.005 kg ha"1 mm"1, respectively (Piéri, 1979). Although dust deposition may 
amount to about 1 500 kg ha"1 yr1 (Wilding et al, 1989), the variability of deposition 
in space and time and in composition of dust is considered too large and the absolute 
quantity too low to take dust into account as a separate input. 
On the basis of precipitation for 'normal' years (Veeneklaas et al, 1991) in rainfall 
zones I to IV of 531, 457, 376, and 255 mm, respectively, and for 'dry' years of 363, 
302,237 and 153 mm, respectively, the inputs of N, P and K are calculated. 
3.4.1.3 Irrigation water 
As no quantitative data are available for the situation in the Fifth region of Mali, the 
amount of N, P and K is estimated on the basis of those in rainwater at 0.005, 0.0005 
and 0.01 kg ha"1 mm"1, respectively. 
CRD (1986) estimates the quantity of irrigation water for the rainy and dry season 
at 13 000 and 25 000 m3 ha"1, respectively. The former seems low at an average 
consumption of rice of 8 mm d"1 (RFMC, 1980) and a simulated evaporation loss of 
about 800 mm (Erenstein, 1990). The latter seems relatively high, taking into account 
identical transpiration rates, but an evaporation of 900 mm. In this study the quantity of 
irrigation water for the rainy and the dry season has been set at 18 500 and 19 500 
m3 ha-1, respectively to calculate the inputs of N, P and K. 
3.4.1.4 River water 
River water is only available in the fifth Region of Mali for flood-retreat sorghum 
and (outside-)polder rice cropping systems (van Duivenbooden et al, 1991). The 
amount of nitrogen supplied by river water is estimated at 6 to 9 kg ha"1 (Breman, pers. 
comm.), a value of 8 kg ha"1 being applied in the calculation method. 
The amount of phosphorus supplied by river water has been set arbitrarily at 10 % 
of that of nitrogen, i.e. 0.8 kg ha"1, and that of potassium at 5 kg ha*1. 
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3.4.1.5 Associated bacteria 
Nitrogen-fixing bacteria associated with plant roots produce about 0.0001 kg N per 
kg DM produced under West African conditions, whereas phosphorus production is one 
tenth ofthat, thus 0.01 g kg"1 (Krul et al., 1982). 
3.4.1.6 Free living bacteria 
The contribution to N and P supply from free living bacteria associated with organic 
matter incorporated in the soil is estimated under West African conditions at 0.00025 
and0.000025 kg kg"1 DM incorporated, respectively (Krul etat., 1982). 
3.4.2 Nutrients available from crop residues 
Crop residues, and hence nutrients, from last year's crop are returned to the soil (i) 
through animals, i.e. as manure (Figure 3.1, 6), (ii) by incorporation (7), (Hi) in the form 
of ash (8). Furthermore, nutrients are returned to the soil complex by micro-organisms 
associated with dead roots. 
In the calculation procedure two forms are distinguished: roots, stubble and 
associated micro-organisms, and straw left in the field, partly as such and partly as ash. 
It is assumed that the amounts of nutrients incorporated in roots and stubble are 
identical each year. 
3.4.3 Nutrients available from the crop 
Nitrogen can be fixed symbiotically by some crops (groundnut, bambara groundnut 
and cowpea) (Figure 3.1, 9), thus reducing the input requirements. Although ^-fixing 
bacteria also occur on cereal substrates (Bley et ai, quoted by Geiger et al., 1992; 
Christiansen-Weniger et ai, 1985), that possiblity has been omitted in this study. 
The fraction of 'self-sufficiency' for legumes has been set at 0.7 for these species, 
based on data from literature (Tables 11.5 and 12.5 for groundnut and cowpea, 
respectively). 
In addition, it has been assumed that for these species only 80% of total N is 
harvested and that the remainder is left in the soil (roots and shedded leaf blades). 
3.5 Fertilizer and manure requirements 
3.5.1 External N, P and K requirements 
The external requirements to achieve the target yields for each nutrient are, on the 
basis of Equation 1, calculated separately by: 
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REQ = (COM - FIX - CONO) / REC (2) 
where, 
REQ = External nutrient requirement [kg ha-1]; 
CONf = Nutrient content in crop at maturity following fertilizer application [kg ha"1]; 
FIX = Nitrogen fixation by crop; for P & K: 0 [kg ha"1]; 
CONO = Nutrient content in crop at maturity without fertilizer application [kg ha"1]; 
REC = Apparent recovery for nutrient e [-]. 
In the absence of data on nutrient content at different fertilizer rates, it becomes: 
REQ = ((CON - FIX) / REC) - NAT1 - NAT2 - CRR1 - CRR2 (3) 
where, 
NAT1 = Natural nutrient soil fertility [kg ha"1]; 
NAT2 = Nutrient availability from additional natural resources [kg ha"1]; 
CRR1 = Nutrient availability originating from crop's roots and stubble of preceding 
year [kg ha"1]; 
CRR2 = Nutrient availability originating from crop's straw and ash of preceding year 
[kg ha"1]; 
In the following, Equation 3 is further applied. In the equilibrium situation, the 
amount of nutrients incorporated in soil organic matter equals the amount released from 
soil organic matter (Paragraph 3.4.1.1): 
NAT1 = FOM * (CON - FIX) / REC (4) 
where, 
FOM = Fraction of nutrient applied incorporated in stable soil organic matter [-]. 
Hence, Equation 3 can be rewritten as: 
REQ = ((CON - FIX) * (1 - FOM) / REC) - NAT2 - CRR1 - CRR2 (5) 
3.52 Farmyard manure and inorganic fertilizer requirements 
Availability of nutrients from applied farmyard (organic) manure for plant uptake 
depends on its rate of decomposition and its quality. These two characteristics are 
interrelated, but the actual quantitative relationships are poorly understood, and need 
more research as discussed by de Ridder & van Keulen (1990). 
The quality of farmyard manure, defined in general terms of absolute and relative 
nutrient content, is a function of the type of animal, the quality of its diet, the way of 
conservation and the time between excretion and application in the field. 
For definition of a generally applicable value, the 50% probability level of nutrient 
concentration as calculated from the available West African data (Table A3.1, Annex 3) 
has been used, i.e. 12.7,2.8 and 13.0 g kg"1 on DM basis for N, P and K, respectively. 
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The fraction of the total nutrient requirements to be met by manure depends on both 
crop and system intensity. For all production techniques, except when fallowing is 
practiced (with manure dropped in the field included), organic manure is required, as 
application of inorganic fertilizer only will result in a decrease in soil organic matter 
and nitrogen (e.g. Wolf et al., 1989). In addition, presence of organic materials in the 
soil leads to higher exchangeable kations and enhanced root growth, as observed with 
applied crop residues in Niger (Kretzschmar et al., 1991). 
On the other hand, application of manure depends on crop type. For instance, 
cowpea tolerates manure application, so that it has been assumed that in extensive 
systems and intensive systems nutrient requirements are covered for 50 and 20%, 
respectively by manure and the remainder by inorganic fertilizer. 
The amount of manure required is calculated for N, P and K separately: 
MAN = REQ * FMM / CONC (6) 
where, 
MAN = Manure requirements [kg ha"1 ] ; 
FMM = Fraction of the total nutrient requirements covered by manure [-]; 
CONC = Concentration of nutrient e in manure [kg kg"1]. 
In defining the production technique, the maximum of the three calculated values of 
manure requirements (MANm) is used. If FMM is less than one, the remainder of the 
total nutrient requirements is covered by inorganic (chemical) fertilizer: 
FER = REQ - (MANm * CONC) (7) 
where, 
FER = Inorganic fertilizer requirements for nutrient e [kg ha"1]; 
MAN = Manure application rate for the production technique [kg ha"1]. 
3.6 Ratio fallow years/year of cultivation 
Where external inputs of nutrients are not applied, cropping may be feasible by 
intermittent exploitation of accumulated nutrients from the various natural sources, i.e. 
fallowing. 
The fraction of the vegetation not consumed by animals during fallow periods 
contributes to inputs of nutrients into the soil. In the calculation procedure, that 
contribution has been estimated on the basis of an equilibrium situation (sustainability 
in terms of nutrients). Inputs through rain, fixation by leguminous species and algae 
have been taken into account. Algae are assumed to be active under fallow only and not 
after ploughing. Wolf et al. (1989) have derived a relation on the net input of nitrogen 
during fallowing in temperate regions,but for sub-Saharan Africa the equation derived 
by de Wit & Krul (1982) is applied: 
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N b = (0.0085 * PR)/(1.025* F - (0.02 *L + 0.038)) (8) 
where, 
N j^ = Total amount of nitrogen in aboveground biomass [kg ha"1]; 
PR = Precipitation [mm]; 
F = Fraction of N lost from the vegetation [-]; 
L = Proportion of leguminous species in the vegetation [kg kg"1]. 
It has been estimated that in natural pastures under sub-Saharan conditions (in the 
equilibrium situation), a fraction of 0.3 to 0.5 of the peak amount of nitrogen in the 
biomass is lost each year, e.g. by grazing and volatilization (Breman, 1991). For fallow 
fields the grazing pressure is assumed to be half of that of natural pastures, and taking 
into account some selective grazing behaviour, a value for F of 0.3 has been used. 
Furthermore, the contribution of leguminous species has been estimated at 5% on a DM 
basis. Hence, the Nb-formula reduces to: 
Nb = (0.0085 * PR) / 0.1695 (9) 
In that situation, the amount of nitrogen lost annually (Ne) is thus: 
Ne = F * Nb (10) 
For sustainable systems, this amount should at least be covered by input of N under 
fallow. Quantitative data on these processes are scarce, and published evidence is 
ambiguous: net input slightly positive (Stoorvogel & Smaling, 1990; Poulain, 1980) or 
negative (van de Pol, 1992). At clearing after fallow, trees and shrubs are removed from 
the field, with its associated consequences for the N, P and K balances. In the 
calculation procedure, the net annual input during fallow (FI) has been set at 1.3 times 
the amount of nutrients lost (Ne). 
Substitution of the value 0.3 for F in Equation 10 and combining with Equation 9, 
results for nitrogen in: 
FI N = 0.020* PR (11) 
where, 
FIJSJ = Net amount of nitrogen added to the soil [kg ha"1]. 
This implies for a fallow field in an agro-ecological zone with 541 mm rainfall on 
average, a net annual nitrogen input of 10.8 kg ha"1, i.e. similar to the net input 
calculated on the basis of 5 times a millet crop (yield 500 kg ha"1) and a 20 year fallow 
period. 
In the calculation procedure, the amounts of phosphorus and potassium added to the 
soil system have been estimated at 0.12 and 1.0 time those of nitrogen, respectively. 
These estimates are based on limited evidence, and more research is needed to 
substantiate them. 
As the equations hold for an equilibrium situation, where losses and contributions 
from natural sources implicitly have been taken into account, the required duration of 
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the fallow period per year of cultivation has been calculated separately for each 
nutrient: 
YFYC = (((CON - FIX) / REC) - CRR1) * (1/FI) (12) 
where, 
YFYC = Years of fallow per year of cultivation [-]; 
FI = Annual nutrient input during fallow [kg ha"1]. 
Comparing the lengths of the fallow periods required to meet the requirements for 
N, P and K, it is clear that the required length is determined by P-input. That period is 
generally twice as long as the one based on equilibrium for nitrogen. This supports the 
general conclusion from research carried out in Mali (Penning de Vries & Djitèye, 
1982), that in the northern areas phosphorus is more rapidly depleted than nitrogen. 
In the description of the production techniques, the maximum of the three values is 
used. For some crops (e.g. fonio and groundnut), the required length of the fallow 
period was strongly dictated by the phosphorus balance. As the length of the fallow 
period could be reduced substantially by a small input of chemical P-fertilizer, this 
practice was included in the description of the production techniques (van 
Duivenbooden et al., 1991). 
An example of the application of this calculation procedure for two millet activities 
in the Fifth Region of Mali is presented in Table 3.5, with the detailed calculation 
procedure in Table 3.6. 
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Table 3.5. Illustration of application of NUREQ for calculating ferti-
lizer/manure requirements and ratio of fallow years per year of culti-
vation for two millet activities (il & i6) on a Bl soil in the wettest 
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3.7 Discussion and conclusion 
The nutrient requirements calculation procedure (NUREQ) enables us to make 
reasonable first estimates of nutrient requirements for sustainable agricultural 
production systems on the basis of limited data. However, the method can be improved, 
when more detailed information is available, e.g. by defining long term and short term 
nutrient pools as turn-over times differ for the various processes (quantification of 
nutrient availability in the course of the growing season). Then the procedure can be 
made 'dynamic'. 
Another improvement of the procedure will be including the carbon balance. The 
role of manure application as compensation for the mineralization from that pool should 
be further investigated. 
Also, the importance of other nutrients should be analyzed for certain production 
techniques. In some cases these nutrients may affect crop growth, e.g. sulphur in 
legumes. In addition, effects of nutrients on pH of the soil should be taken into account 
and effects of applied nutrients (Ca) to reduce the pH, as acidity of the soil determines 
partitioning of phosphorus. 
Despite these shortcomings and constraints, the procedure represents a first attempt 
to describe sustainability in terms of nutrient balances. The procedure integrates at the 
moment knowledge of various disciplines and although it has been developed for the 
West African situation, it can easily be adapted for other parts of the world. 
The implications of sustainability in terms of nutrients for agricultural production 
and the consequences for land use planning and agricultural development options for 
that region are described by Veeneklaas et al. (1991), van Duivenbooden et al. (1992) 
and in relation to food needs in the following chapter. 
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4. IMPACT OF INORGANIC FERTILIZER 
AVAILABILITY ON LAND USE AND 
AGRICULTURAL PRODUCTION IN THE FIFTH 
REGION OF MALL 
4.1 Introduction 
Sound management of natural resources in agricultural production systems is 
necessary to maintain their productive capacity in the long ran (van Keulen & Breman, 
1990). In West Africa, the increasing population demands increasing food production, 
but land availability may form a constraint, especially when so-called traditional 
production techniques based on fallowing are practiced (Breman et al., 1990; van 
Keulen & Breman, 1990). Often this problem is alleviated by reducing the length of 
fallow, with its associated consequences of nutrient mining and reduced yields (van de 
Pol, 1992; Reddy etal., 1992). 
To estimate the agricultural production potentials in a region under the condition of 
sustainable land use, an analysis is necessary that takes into account the region's natural 
and human resources and the available agricultural production techniques. 
Sustainability is defined as 'the successful management of resources for agriculture to 
satisfy changing human needs, without degrading the environment or the natural 
resource base on which agriculture depends' (TAC, 1989). Moreover, additional 
objectives of rural development with respect to risk avoidance, economic viability, etc. 
have to be considered. Such an analysis can be performed with a multi-criteria 
optimization method, as applied in the Interactive Multiple Goal Linear Programming 
model (IMGLP-model; de Wit et ai, 1988). This method was applied to the Fifth 
Region and the Cercle de Niafunké in Mali. 
This chapter examines the possibilities of agricultural development of the region in 
relation to the policy goals to meet food needs and guarantee regional gross revenue, 
under the condition of sustainability. 
Such an examination can be carried out in many ways, the one selected here is to 
analyse the impact of inorganic fertilizer availability (and its application) on land use, 
intensification level and degree of exploitation of natural resources. 
At present, the use of inorganic fertilizer is limited, but with increased availability, 
the potential for increased agricultural production is more likely to be reached on the 
dominant low-fertility soils. Therefore, three development scenarios have been defined 
on the basis of inorganic fertilizer availability, the lowest level representing the actual 
situation and the highest level the potential situation. As objective, marketable crop 
production is maximized under the restriction of a minimum regional gross revenue, on 
the basis of sustainable agricultural production techniques. 
4.1.1 The Fifth Region and the Cercle de Niafunké 
The Fifth Region, including the Cercle de Niafunké, covers about 89 000 km2 and 
is dominated by the central inland delta of the river Niger, an area of 16 000 km2 which, 
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under normal rainfall conditions, is flooded annually (Figure 4.1). This water resource 
in the heart of the Sahelian region offers opportunities for development of arable 
farming, animal husbandly and fisheries, far exceeding those in the surrounding area 
under rainfed conditions. However, over the past decades, increasing population 
pressure (about 1.3 million rural inhabitants or 18 persons km"2), intermittent severe 
drought periods and breakdown of traditional land use regulations have resulted in 
increasing pressure on the land, conflicts among various groups of land users and 
disruption of the existing production systems. Moreover, production has often been 
insufficient to meet food needs, hence considerable food imports were required (Sijm, 
1992; FEWS, 1992; IOV, 1991). 
, Niger 
150 km 
Figure 4.1. Mali and the Fifth Region and Cercle de Niafunké. 1 = Sourou, 2 - Seno 
Bankass, 3 = Plateau, 4 = Delta Central, 5 = Mema Dioura, 6 = Seno Mango, 7 = 
Gourma, 8 = Bodara, 9 = Zone Lacustre, 10 = Hodh and 11 = Mema Sourango. 
To characterize the physical environment, combinations of soils, climate and 
natural vegetation were identified, resulting in eleven subregions, referred to as agro-
ecological zones (Figure 4.1). To take into account rainfall variability, yields for various 
production techniques were defined for 'normal' and 'dry' rainfall regimes. On the basis 
of annual rainfall amount and distribution for the years 1959 to 1988 the 20% lowest 
values (6 years) were assumed to represent a dry year; and the 60% intermediate values 
(18 years) a normal year, in which average rainfall ranges from 257 mm in the north to 
545 in the south (Table 4.1). The 20% highest values, representing a wet year, were not 
considered in the present study. 
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Table 4.1. Average annual rainfall [mm yr'1] and rainfall from May-
till October [mm] for dry, normal and wet years in the four rainfall 
zones, based on observations in the period 1959-1988 (Cissé & Gosseye, 
1990). 
AGRO-ECOLOGICAL MAY - OCTOBRE ANNUAL 
ZONE 
normal dry wet normal dry wet 
Rainfall Zone I 
Sourou & Séno Bankass 531 3 63 683 545 3 68 689 
Rainfall Zone II 
Plateau & Delta Central 457 302 653 461 306 663 
Rainfall Zone III 
Méma Dioura, Séno Mango 376 237 502 379 237 512 
& Gourma 
Rainfall Zone IV 
Bodara, Zone Lacustre, 255 153 356 257 153 357 
Hodh & Méma Sourango 
4.2 Methodology (with F.R. Veeneklaas) 
4.2.1 General framework and definitions 
Application of the IMGLP-method requires (i) formulation of an input-output table, 
describing in quantitative terms the possible activities, (ii) description of the relations 
among the various activities and the regional constraints, (Hi) identification of a set of 
goal variables, representing the aspirations of the various interest groups, and (iv) a 
software package that can handle the multi-criteria decision method and solves the 
linear programming problem (i.e. SCICONIC; Scicon, 1986). Further details of the 
method used are given elsewhere (de Wit et al., 1988; van Keulen & van de Ven, 1988; 
Spronk & Veeneklaas, 1983). 
Three types of agricultural production systems are distinguished in the region, i.e. 
cropping systems, livestock systems and fishery systems (the latter are not further 
treated as they are not relevant in the context of this study). In each system various 
activities, i.e. well-defined production techniques with specific quantified inputs and 
outputs, have been defined at different intensity levels. For arable farming, the activity 
is related to soil type and crop species, and for animal husbandry to feed requirements 
and animal species. 
Activities may take place in principle anywhere in the region, i.e. in any of the 
agro-ecological zones, unless specified otherwise (e.g. soil not suitable). They are 
defined on an annual basis in a target-oriented way, i.e. the production (output) per 
hectare or per animal is defined first and the requirements (inputs) to realize that 
production are derived subsequently, as illusffated below and treated in detail by van 
Duivenbooden etal. (1991). 
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4.22 Description of various relations 
The relations between outputs and inputs (Figure 4.2) are governed by the quality of 
the natural resources and the production technique applied. The double-arrowed lines in 
Figure 4.2 indicate the alternative options for use of the natural resources, hence 
competition, of soil among the various land use categories, and labour among the 
different production sectors and work outside the region (physically or outside the 
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Figure 4.2. General relations between natural and human resources (double lined) and 
inputs and outputs (single lined) in the agricultural production system. External inputs 
are not shown. 
The single-arrowed lines represent flows between production techniques. For 
instance, manure, produced in livestock systems can be used in arable farming and the 
remainder (not collected) is added to grazed fallow land or pasture, which in turn 
produce inputs for livestock systems. 
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At the basis of these relations were accurate descriptions of the natural resource 
base (soils, climate, natural vegetation) and the human resources, in terms relevant to 
the production techniques (Cissé & Gosseye, 1990). For a complete description of the 
relations in the model, reference is made to Veeneklaas (1990b). 
4.2.3 Sustainability 
To guarantee viable agricultural development in the long run, the production 
systems defined should be sustainable. Although sustainability comprises various 
aspects, for operational purposes only those aspects have been applied that could be 
quantified and incorporated in the IMGLP-model. For cropping techniques, 
sustainability was defined in terms of nutrient elements (Chapter 1). For livestock 
production techniques, sustainability referred to both primary and secondary 
production, under the conditions that stable herds can be maintained (total flock size in 
relation to fodder availability) and degradation of natural pasture is prevented (cf. 
Breman & de Ridder, 1991). 
4.2.4 Subsistence needs 
Subsistence needs, defined as the minimum amount of agricultural products 
required for consumption by the producers and their dependents, were specified per 
agro-ecological zone. This does not exclude trade of these products on local markets or 
exchange between producers; it simply implies that a certain minimum quantity is 
required per agro-ecological zone, either from local production or from imports. 
Emigrants (maximally 250 000) and inhabitants of Mopti-town (74 000) were excluded 
in calculating the subsistence requirements. 
The subsistence needs in meat, grains and other crop products are set proportional 
to the number of inhabitants taking into account its age-structure (CRD, 1986) and 
includes three components: 
1. Animal protein intake; minimum daily requirements (FAO/WHO, 1973) are, on 
average, met by 25 g meat (carcass weight) and 290 g milk per capita. The ratio 
milk/meat varied per agro-ecological zone, as milk production in the region is 
spatially variable; 
2. Energy intake; minimum daily requirements, based on FAO/WHO (1973) and 
taking into account the energy content of proteins (940 kJ), are 7810 kJ per capita. 
These requirements were converted in millet-equivalents (cf. Mondot-Bernand, 
1980), i.e. 626 g, and to may met by energy provided by millet and other crops (e.g. 
1 kg of rice corresponds to 1.23 kg millet-equivalents); 
3. Variation in the diet of crop products; it is safeguarded by setting minimum 
requirements on consumption of crop products other than millet, i.e. rice (10 kg), 
groundnut (5 kg), cowpea (2 kg), shallot (5 kg fresh weight) and other vegetables 
(15 kg fresh weight) all per year per capita. 
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425 Constraints 
Constraints were defined per agro-ecological zone and concerned: 
- Availability of soil (Figure 4.2). Sixteen soil types have been distinguished on the 
basis of their physical and chemical properties (Table 4.2). For each soil type a 'utility 
index', the fraction of land that can be exploited, has been established to take into 
account specific conditions that exclude agricultural use (e.g. severe degradation). 
Certain soils were excluded for cultivation of particular crops, for instance because of 
problems with waterlogging or absence of irrigation facilities (Table 4.2). 
Distance to permanent water points also determined the mode of exploitation: crops 
can be grown within a 6 km radius and animals can use the rangeland within a 15 km 
radius of that water point during the dry season, under the assumption that a 
permanent water point supplies enough water both for human needs and for the 
animals; 
- Availability of labour (Figure 4.2). This was derived from the population size taking 
into account age, sex, and degree of participation. Required labour for each of the 
activities has been specified for six distinct periods of the year (i.e. the periods of 
ploughing and sowing, first weeding, all other operations until harvest of millet, 
harvest of millet, harvest of rice, and outside the growing season of rainfed crops), to 
take into account peak periods in labour demand; 
- Availability of draught animals; 
- Availability of animal manure; 
- Availability of forage, comprising both natural pastures and crop residues, specified 
per season, location (distance to a permanent water point) and quality class; 
- Availability of transport animals, as a function of population density. 
In addition, socio-economic and institutional constraints play a role, of which only a 
limited number could be incorporated in the model. For instance, in view of the limited 
transport facilities, the production of fresh vegetables was restricted. Commercial sales 
of milk was restricted to Mopti-town, as only there a milk processing plant was present. 
4.2.6 Goals 
The goal variables should in principle cover all major interests in the region, so as 
to ensure that technical options for its development are kept as open as possible. 
Consultations have been held therefore with national, regional and local authorities and 
development agencies. Their goals, however, were sometimes difficult to translate in 
terms relevant to the model, hence choices had to be made. 
In total, twenty goal valuables have been formulated that potentially could serve as 
objectives. In practice, however, only nine have been used as such, while the others 
served to set pre-defined minimum or maximum values. The major objectives specified 
refer to: 
- Physical production in a normal year, separately defined for products from arable 
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- Monetary goals, subdivided into regional monetary revenue (= value of total 
agricultural production - subsistence needs - monetary inputs + incoming money from 
emigrants), and monetary inputs in agricultural activities; 
- Risks in a dry year, specified in terms of food self-sufficiency and number of animals 
at risk; 
- Employment and emigration. 
4.2.7 Scenarios 
On the basis of the objectives for development of the region, and the main 
constraints and relations in the IMGLP-model, technically feasible scenarios for 
agricultural land use with their associated production and inputs can be generated. Each 
scenario is characterized by the goal valuable optimized (maximized or minimized) and 
the set of restrictions imposed on the other goal variables and, of course subject to all 
restrictions included in the model. 
The goal restrictions have been obtained through the interactive approach of the 
model. In the first cycle restrictions, reflecting a low level of aspiration with regard to 
the goals, have been selected. In this cycle the model has been run to optimize each goal 
separately, at the same time resulting in different values of the other goals. Thus worst 
and best values were obtained for each goal, representing the feasible solution space for 
that goal. The next step consists of selecting the goal with the worst value considered 
unacceptable and formulating a tighter constraint for that goal. Several such steps have 
been taken. In this way the feasible combinations of goal values can be explored until 
only one combination is left. However, generally the procedure will be stopped at an 
earlier stage, leaving a space encompassing acceptable values for all goals. Within this 
space any selected goal can still be maximized (or minimized). 
In an earlier study, two scenarios were analyzed, characterized by maximization of 
regional gross revenue, under two sets of goal restrictions (Veeneklaas et al., 1991). In 
the present study, marketable crop production is maximized under three sets of goal 
restrictions. 
4.3 Basic data 
4.3.1 Cropping systems 
In the model three crop types, with respect to management, have been considered: 
rainfed crops, flood retreat crops and irrigated or inundated crops. These were further 
classified by crop species, i.e. millet, rice, sorghum, fonio, groundnut, cowpea, bourgou, 
shallot and 'other vegetables', comprising among others maize, tomatoes, tobacco, 
cassava and cabbage. 
The production techniques have been defined on the basis of four criteria: (i) use of 
fallow periods, (ii) use of oxen traction, (Hi) application of farmyard manure and (iv) 
application of inorganic fertilizer. 
Additionally, three intensity levels were distinguished: extensive, semi-intensive 
and intensive. Extensive refers to techniques without application of inorganic fertilizers, 
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their sustainability being warranted by fallowing or application of farmyard manure. 
Intensive techniques are based on high input levels of inorganic fertilizers and include 
innovative practices. Semi-intensive techniques refer to intermediate levels of external 
nutrient inputs. Vegetable growing is always considered intensive based on its high 
inputs of pesticides. 
The degree of differentiation of cropping production techniques depends on the 
relative importance of a crop species. For millet as the main crop of the region, six 
techniques were distinguished, whereas for fonio (a minor crop) one technique was 
described only. Rice may be cultivated under irrigation (IR-rice), in polders (P-rice) or 
outside polders at the banks of the rivers Niger and Bani (OP-rice; Table 4.3). 
Outputs of crop activities comprise main products and crop residues. The former 
include grain (in the case of cereals and leguminous species), shallots and other 
vegetables, and forage (in the case of fodder crops and bourgou cultivation). Target 
yields of main products in normal years were based on simulation results or on data 
collected in the region. 
Simulation results have been used to derive target yields of intensive and semi-
intensive production techniques of millet and cowpea and of flood-retreat sorghum (van 
Duivenbooden, 1991; Erenstein, 1990). The first step was the calculation of water-
limited yields (i.e. yields determined by water availability only, the supply of nutrient 
elements assumed to be optimum), on the basis of soil characteristics (pF-curve) and 
rainfall records for the period 1959-1988 of seven meteorological stations in the region. 
As no quantitative information on runoff and runon for the study area was available, 
and assuming that on a regional scale of hundreds of km2 the positive and negative 
effects compensate, all rain was supposed to infiltrate in the fields. 
The assumption of optimum nutrient supply implies a high input of inorganic 
fertilizer, as the supply from natural sources only covers a small fraction of the demand. 
However, even under optimum nutrient supply, management failures (lack of 
timeliness) lead to yield reductions, implying waste of external inputs. Therefore, the 
target yields for intensive techniques in normal years have been set at 80% of the 
simulated water-limited yields and for semi-intensive techniques at 40% of those for the 
intensive techniques. 
Target yields for extensive techniques have been derived from local data, as no 
simulation models exist yet that take into account the situation where alternating 
nutrient elements and water may be growth-limiting. The use of animal traction in 
extensive techniques was estimated to increase target yields by 20%. 
Target yields for dry years have also been calculated on the basis of simulation 
results. The ratio of average simulated yield in dry years and in normal years has been 
calculated for each combination of rainfall zone and soil type. The target yield in a dry 
year is then obtained by multiplying the target yield in a normal year by that rainfall 
zone- and soil type-specific ratio. 
In addition, harvest and post-harvest losses have been taken into account, by using 
in the model net yields (= 80% of target yields). 
As crop residue production depends on production technique, soil type and rainfall, 
no fixed value could be used. Therefore, crop residue production was calculated as a 
function of target yield for each activity in each rainfall zone. 
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Although straw can be used for building puiposes, fuel or fodder, only the latter has 
been taken into account in this study. The quantity available for animal consumption 
was expressed as a fraction of total production, determined by its physical properties 
and chemical composition (not all parts are consumable), harvest and post-harvest 
losses, and accessibility. 
The quality was expressed in terms of N-content in dry matter (cf. Breman & de 
Ridder, 1991). Four quality classes have been distinguished: (i) low (N < 7.5 g kg'1); 
(ii) moderate (N between 7.5-10.0); (Hi) good (N between 10.0 and 17.5) and (iv) 
excellent (N > 17.5; average 20). 
Inputs in crop production techniques comprise: 
1. Soil, i.e. soil type; 
2. Inorganic fertilizer, farmyard manure or area of fallow; Nitrogen, phosphorus 
and potassium (N, P and K) may originate from natural sources during fallowing, 
from manure or inorganic fertilizer, or a combination of the three. The requirements 
(in elementary form) have been calculated according to NUREQ (Chapter 3). 
3. Labour; Labour requirements have been defined as the number of man-days 
required to complete an operation including the necessary travelling time. One man-
day [mnd] represents the work accomplished by a male adult during one working 
day. 
Labour requirements have been specified for the following operations (in 
chronological order): cleaning of the field, transport of manure, application of 
manure, application of the basal dose of inorganic fertilizer, land preparation, soil 
levelling, sowing, transplanting, weeding (up to 3 times), inorganic fertilizer top 
dressing (up to 3 times), biocide spraying, dike maintenance, irrigation, bird scaring, 
guarding, harvesting, threshing and winnowing, transport of produce. 
For some operations labour requirements are a function of the level of input or 
output, for instance, for transport and application of farmyard manure (input), which 
in turn is function of the target yield (output). 
4. Monetary inputs; These are subdivided in capital charges and operating costs, the 
former referring to the annual depreciation of capital goods, such as plough, harrow, 
sowing machine, etc. Interest payments have not been included. Operating costs 
include the costs of seeds, fuel for irrigation, dike maintenance, the hired threshing-
machine, and biocides. 
5. Oxen; It has been assumed that animal traction is provided by oxen only, and in 
analogy with human labour requirements, one oxen-team-day represents the work 
accomplished by a pair of oxen during one working day. The required number of 
oxen per hectare is calculated for each relevant period (land preparation, first 
weeding) on the basis of the time required to complete an operation and the length 
of the available period. The maximum value is used as input in the model. 
Furthermore, accessibility of ploughs and oxen could be a problem. This has been 
included in the model by excluding exchange of ploughs and oxen between agro-
ecological zones. To account for imperfect exchange within a zone, the required 
number of ploughs and oxen has" been set 25% higher than in case of perfect 
exchange. 
In total 59 crop activities (combinations of crop, production technique and soil 
type) were defined, their inputs and outputs being summarized in Table 4.3. 
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4.32 Livestock 
Cattle, sheep, goats, camels, donkeys, horses, pigs, poultry and wild game are 
present in the region, however strongly varying in importance. As for cropping systems, 
only the major production techniques have been included with the degree of 
differentiation depending on the relative importance of the animal species. Twenty-two 
activities have been distinguished, based on four criteria: (i) animal species (cattle, 
sheep, goats, donkeys, and camels), (ii) main production objective (meat and/or milk or 
traction/transport), (Hi) target production level (low, intermediate or high) and (iv) 
mobility of animals, for which the following definitions have been applied: 
- Sedentary: the animals stay year-round within a 6 km radius of a permanent water 
point; 
- Semi-mobile: during the hot season (February-June) the animals graze the pastures 
between 6 and 15 km from a permanent water point. Overnight they stay in 
temporary camps; they return at least once every three days to the permanent water 
point to be watered; 
- Migrant: during the rainy season (July-October) the animals graze wet season 
pastures beyond a 15 km radius from a permanent water point. During the dry season 
they stay within that distance. 
Regardless of their mobility, all animals have access to crop residues left in the 
field after harvest during the cold season (November-January). 
All livestock activities are expressed per Tropical Livestock Unit [TLU], an 
hypothetical animal of 250 kg liveweight (cf. Le Houérou & Hoste, 1977). 
Target annual meat production levels range from 22 to 71 kg liveweight TLU"1 for 
cattle and from 40 to 100 for small ruminants. Annual milk production for human 
consumption varies from 0 to 520 kg TLU"1 for cattle, from 100 to 200 kg TLU"1 for 
goats and from 0 to 50 kg TLU"1 for sheep. For donkey and camel activities, the 
number that can be used for traction/transport is the main product. By-products (e.g. 
hides) have not been included in the model, except for manure. Manure availability has 
been calculated on the basis of the assumptions given in Table 4.4. Manure of camels 
can only be used as fuel. 
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Table 4.4. Manure availability [fraction of annual production] for 
arable crops, collected from corals (80% collection) and during gra-
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Inputs of livestock activities comprise: 
Forage; Biomass in terms of both quantity and quality. Its availability is specified 
separately for the wet season and the dry season. Analogously to crop by-products, 
four quality classes have been distinguished on the basis of N-content. Browse has 
been treated as a separate category, available as a possible forage source in the dry 
season for goats and camels only. The estimated average N-content of browse in the 
region is 14 g kg"1 DM. Crop by-products and concentrates are alternative feed 
sources. On the basis of the available feed sources, four possible diets (I-IV, Table 
4.5) have been distinguished, characterized by average N-contents of 9, 10, 11 and 
12 g kg-1 DM and digestibilities of 52, 54, 56 and 59%, respectively. 
Labour; Labour requirements have been specified for herding including watering, 
milking and veterinary care. 
Monetary inputs; These consist almost exclusively of salt-bricks, vaccines and 
possibly concentrates. To attain the production levels specified for the semi-
intensive cattle activity, additional investments in herd management (equipment, 
stables and other structures) are needed. 
In total 23 livestock activities (combination of animal species, mobility and main 
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4.4 Scenario definition 
In this study, the goal 'marketable crop production' is maximized. Marketable crop 
production is defined as total crop production minus food needs of the rural population 
in a normal year and is expressed in tons dry matter. In this way, food needs are 
explicitly taken into account, so that the monetary counter value of the optimized goal 
variable can be used to buy other commodities. 
Results of this goal are expressed as marketable grain production, because grains 
are the staple food. Cowpea and groundnut are also included in this parameter. Shallots 
and other vegetable products are not further considered because they are selected 
maximally under all conditions. 
Prices attached to products and inputs are listed in Table 4.6. Food needs of the 
rural population comprise at least grains, vegetables, meat and milk (Subsection 4.2.4). 
The three scenarios can be described as: 
- I; This explores the possibilities with restricted inorganic fertilizer availability, 
comparable to current use in the region. Data on actual inorganic fertilizer use are 
scarce, but on the basis of information from Opération Mil Mopti (Omm, 1988), it is 
estimated that 5% of the rainfed crops receive 40 kg N ha"1, 10% receive 10 kg and 
the remainder nothing, resulting in an average use of 3 kg N ha"1. Polder rice 
receives 20 kg N ha"1 and irrigated rice 93 kg N ha-1 (Opération Riz Mopti, 
unpublished). This implies an average N-fertilizer rate of about 7 kg ha-1 of 
cultivated land. For P and K, however, such estimates could not be made. 
For practical reasons, these amounts of N-fertilizer have been converted in monetary 
units. Considering the other monetary inputs, a maximum is set to the goal 'total 
monetary inputs in cropping systems', at 5 109 FCFA. 
- II; This explores the possibilities with a somewhat higher inorganic fertilizer 
availability. The maximum expenditure is set at 11 109 FCFA. 
- Ill; In this scenario to limit is set to expenditures in cropping activities, allowing 
potential inorganic fertilizer use according to the region's potential. 
Table 4.6. Prices [FCFA] of outputs and inputs as defined in the 
IMGLP-model; crop products and concentrates per kg DM (except for 
shallots and other vegetables, i.e. fresh weight), meat per kg live-





fonio (hulled grain) 
groundnut (unshelled) 
cowpea (shelled) 


































To guarantee a certain income for the rural population, a restriction (minimum 
value) is imposed on regional gross revenue in each scenario. It is based on a previously 
calculated maximum value, i.e. 67 billion FCFA (using the same IMGLP-model; 
Veeneklaas et al., 1991). Food needs, however, could not be covered by local 
production under those conditions. Hence, to increase the scope for meeting these food 
needs, the minimum value of regional gross revenue is set at 50 billion FCFA. For the 
restrictions on other goals, the values of Veeneklaas et al. (1991) have been applied. 
4.5 Results 
4.5.1 Highlights 
Values of marketable grain production and of other goals in the three scenarios are 
given in Table 4.7, which also lists values of other restrictions imposed. 
Food needs can be met in normal years with surpluses increasing with increasing 
fertilizer availability (Table 4.7, line 3). It can, however, not be met in dry years in 
either scenario (line 14), grain deficits ranging from 53 via 36 to 2% of food needs in 
scenario I, II, and III, respectively. A further increase in marketable grain production is 
prevented by the following binding restrictions: 
- Minimal regional gross revenue in all three scenarios (line 8); 
- Maximum total monetary inputs in cropping systems, by definition in scenarios I 
and II (lines 9a and 9b); 
- Minimum rice production in dry years in scenarios I and II (line 12); 
- Maximum number of animals at risk (i.e. that need to be supplemented or 
transferred to other regions in dry years because of feed shortages) in all three 
scenarios (line 15); 
- Maximum emigration in all three scenarios (line 17). 
Livestock numbers and their production increase with increased inorganic fertilizer 
availability (lines 4-7). Fishery outputs attain maximum values in all three scenarios, 
but are not further discussed here. 
Results on land use, crop production, fertilizer requirements and animal husbandry 
are discussed in more detail. 
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Table 4.7. Values of the goal variables under different upper limits 
on monetary inputs of crop activities in the three scenarios. I: res-
tricted, II: intermediate and III: unrestricted inorganic fertilizer 
applicat ion. 
SCENARIO 
GOAL VARIABLE RESTRICTION I II III 
Production, normal year3 [1000 ton] 
1. Millet, sorghum & fonio > 160 180 251 386 
2. Rice > 20 41 41 30 
3. Marketable grain production > 0 18 90 221 
4. Total meat > 23 99 104 13 6 
5. Beef > 12 68 73 61 
6. Milk > 170 201 216 208 
7. Animals [1000 TLU] > 0 1707 1723 1917 
Monetary targets, normal year3 [109 FCFA] 
8. Gross Revenue of crops, > 50 50* 50* 50* 
livestock and fisheries 
9a. Monetary inputs crops 
9b. Monetary inputs crops 
9c. Monetary inputs crops 
10. Monetary inputs livestock 
Production, deficits and risks 
11. Millet, sorghum & fonio 
12. Rice 
13. Crop products 
14. Regional grain deficit 
15. Number of animals at 
risk [1000 TLU] 
Miscellaneous 
16. Employment [1000 mn-yr] 





















































) binding, i.e. the goal restriction imposed is an acting constraint 
on attaining a better value of the goal optimized. 
a) normal and dry years are explained in the text. 
4.5.2 Land use and crop production 
The predominant land use, in terms of area, is rangeland, with the larger part 
between 6 and 15 km from a permanent water point (Figure 4.3). Fallow land also is 
important, especially in scenario I. ,The area decreases with increasing fertilizer 
availability (Table 4.9, page 72), and consequently the remainder can be used as 
pasture. Land in the region is more intensively exploited in scenario III, as the 










H Scenario I 
D Scenario 
Culti- Fallow Past Past Past. Waste-
vated <6 6-15 > 15 land 
km km km 
Figure 4.3. Regional land use [km2] in scenarios I and III, with restricted and 
unrestricted inorganic fertilizer availability, respectively. 
Table 4.8. Breakdown [% of cultivated land] of crops according to the 
three production levels in the three scenarios. 
CROP LAND USE 







































































Cultivated land is the smallest but one part in all scenarios, although this implies an 
expansion compared to the current situation (about 4000 km2). The limited expansion in 
cultivated area in scenario III is accompanied by intensification of various crops, 
especially of millet, and a higher degree of diversification (Table 4.8). This table also 
shows that in scenario III extensive rice cultivation is almost abolished. It is partly 
replaced by semi-intensive rice and flood-retreat sorghum production. Further, the fonio 
area is expanded and fodder crops are additionally cultivated. These shifts are probably 
the result of: 
- The combination of the binding restriction of regional gross revenue and the relative 
economic profitability of sorghum and fonio. Fodder crops are grown to fatten 
sheep, that are sold at the market at a favourable price. 
- The binding restriction of labour availability, especially in the period of first 
weeding (sorghum requires no labour in that period) and that of millet harvest (fonio 
is harvested earlier). Differences per period and per agro-ecological zone are 
considerable, but not further presented. 
Increased fertilizer availability also affects the cropping areas in each of the agro-
ecological zones (Figure 4.4). This figure also shows the shift between cropping areas 
in the different scenarios. 
With increased intensification, average grain production per ha cultivated land in 
normal years increases from 467 (I) via 620 (II) to 1036 kg DM in scenario III. Average 
yields of millet (the major crop) amount to 420, 600 and 1120 kg ha"1, respectively. 
Consequently, marketable grain production can increase in a normal year from 36 to 
524 kg ha-1. 
For planning of produce transport within the region, production of each crop per 
agro-ecological zone is calculated (Figure 4.5) and surplus and shortage areas are 
identified. For instance, rice production is insufficient in all but one agro-ecological 
zone to meet its requirements. Total subregional crop production is insufficient to meet 
food needs in normal years in the three northern (driest) agro-ecological zones in all 
three scenarios and in a fourth zone in scenarios I and H. 
Food needs can only be met in dry years if, in addition to unrestricted fertilizer 
availability and emigration (scenario III), sacrifices are accepted. This would imply 
adapting, for instance, the binding restriction of regional gross revenue. 
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Figure 4.4. Distribution of cultivated area [brr] among the various agro-ecological 
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Figure 4.5. Crop production [ton] in the various agro-ecological zones in scenarios I 
and III. Vegetables are expressed in fresh weight, others in dry weight. 
72 
4.53 Inorganic fertilizer and farmyard manure requirements 
With increasing inorganic fertilizer availability, the increase in use is highest in 
absolute sense for nitrogen fertilizer, in relative sense for phosphorus and potassium 
fertilizers, albeit varying per crop (Table 4.9) and per agro-ecological zone (Table 4.10). 
The latter table can be used for transport planning, in terms of both quantity and quality. 
The dramatic increase in average N-application for rice (Table 4.9) is the result of 
disappearance of extensive rice production. N-application of semi-intensive and 
intensive production techniques combined differ only slightly among scenarios I and III, 
at 241 and 226 kg ha-1, respectively. 
Table 4.9. Application of inorganic nitrogen, phosphorus and potas-
sium fertilizers and manure in the various crop activities in the 
three scenarios. 
CROP 
Nitrogen3 [kg ha"1] 
























average 18 57 
Phosphorus3 [kg ha -1] 






Potassium3* [kg ha 
Manure [kg DM ha"1 

























































a) in elementary form. 
) no specification per crop available. 
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Table 4.10. Relative requirements of nitrogen, phosphorus and potas-
sium, (N:P:K, in elementary form) and total requirement [1000 ton] 































































































denotes less than 0.1 ton. 
The higher phosphorus requirements in scenario III are mainly the result of higher 
P-requirements in intensive millet activities. P-requirements also increase for cowpea, 
fodder crops and rice, but they occupy only a limited area. 
Despite the increase in inorganic fertilizer availability, average farmyard manure 
requirements also increase (Table 4.9). This is the result of the prerequisite that crop 
nutrient requirements can not be met by inorganic fertilizers only. Furthermore, 
differences in cropping patterns contribute to this increase. Farmyard manure is mainly 
used for millet, of which the requirements decrease from 89 (scenario I) to 81% of the 
total manure requirements (scenario III). 
Regional farmyard manure requirements increase from 494 000 (scenario I) to 
535 000 ton (scenario III), to be met by manure availability from various animal 
husbandry activities. This has been possible in all three scenarios, while surplus manure 
availability (not further used nor exchanged with inorganic fertilizer in the model) 
occurs in four (scenario I) or five (scenarios II and III) agro-ecological zones. 
4.5.4 Animal husbandry 
Increased fertilizer availability also affects animal husbandry activities. Both, 
number and distribution among animal species change, with a higher degree of 
diversification in scenario III (Table 4.11). 
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Table 4.11. Number of animals [1000 TLU] in the various animal hus-
bandry activities in the three scenarios. 
Animal type/main product ANIMALS 
activity no, mobility, 
production level scenario I scenario II scenario III 
Cattle/oxen 
























































Total cattle 1312 1265 1137 
Sheep/meat 
B13 sed & s-m* 




Goats/meat & milk 
B18 sed & s-m* 







































Total small ruminants 347 348 711 
Donkeys/1 ransport 
B22 sedentary intermediate 32 32 32 
Camels/transport 
B23 migrant low 







*) sed & s-m = sedentary & semi^mobile 
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Total number of cattle and goats decreases with increase in fertilizer availability, 
but that is more than compensated by an increase in the number of sheep, especially in 
those activities utilizing the rangeland areas close to the villages (i.e. sedentary and 
semi-mobile activities, B14; sheep fattening, B17). Although the intensification level of 
crops is low in scenario I, the number of oxen is higher than in the other scenarios 
(Table 4.11, Bl). It is probably selected here for the relative high fraction of manure 
collected, and in scenario III for its traction. Apparently, requirements for either of these 
functions are lower in scenario II. Semi-intensive milk production becomes profitable in 
scenario III around Mopti-town, despite the required concentrates (Table 4.11, Bl 1). 
Calculated herd size (1.7-1.9 million Tropical Livestock Units, Table 4.11) in the 
three scenarios exceeds that established in the region in June 1987 (1 123 000 TLU; 
RIM, 1987), but is more or less in agreement with the number of 1 700 000 observed in 
the period 1977-1987 (IUCN, 1989). However, the number of animals at risk in dry 
years (Table 4.7, line 15) is considerable (21 - 24%) in all three scenarios. 
Regional meat production ranges from 99 000 to about 140 000 ton, considerably 
exceeding meat needs in all three scenarios. Consequently, this relatively highly priced 
surplus (Table 4.6) contributes substantially to regional gross revenue (e.g. 80% in 
scenario III). 
Regional farmyard manure availability (about 35% of the manure produced; 
Subsection 4.3.2) exceeds requirements, although the fraction of manure that is utilized 
for cropping techniques is high, i.e. 0.81, 0.80 and 0.74, in scenario I, II and III, 
respectively. For several agro-ecological zones this fraction equals one, so that all 
manure is used. 
4.6 Scenario variants and post-model analysis 
Variants of the scenarios analysed here can be used to obtain further information in 
support of result interpretation, while in the post-model analysis, aspects that have not 
been incorporated in the IMGLP-model are taken into account. Examples of such 
aspects are population growth, ownership of production factors, land tenure, marketing 
facilities and social aspects, of which some are treated below. In addition, ability and 
willingness (acceptance) determine the possibilities for realization of a development 
scenario. 
4.6.1 Emigration rate 
So far, in the scenarios a substantial emigration rate has been allowed. It can, 
however, be the goal of the government to keep as many people as possible in the 
region. That has consequences for food needs. Therefore, this situation has been 
examined for scenarios I and III (referred to as scenarios I+ and III+, respectively). 
Food needs could not be met in scenario I+ in normal years, hence its results are not 
further discussed. Results of scenario III+ show for normal years a reduction in 
marketable crop production of about 50 000 t (13%), a decrease of 21% in marketable 
grain production and a 50% reduction in gross regional revenue (25 versus 50 10^ 
FCFA), while other goal variables attained more or less identical values. Furthermore, 
76 
the results show that from a social point of view, emigration or employment 
opportunities outside the agricultural sector are necessary, because labour requirements 
are only 1% higher than in scenario III. 
4.62 Population growth 
Realization of the scenarios also depends on future perspectives. Considering the 
annual population growth rate of 2.8% (average for Sahel countries; Club du Sahel, 
1991), the possibilities for agricultural development in scenario I seem very limited, 
because within 3 years the food needs of the population can not be met in normal years. 
Of course, food needs may be reduced by forcing people out of the region, but that does 
not seem feasible because no obvious alternatives are available. Therefore, exploring 
the possibilities for agricultural development seems more promising in scenarios II and 
III. In the former, it takes about 12 years before the critical population size is reached. 
4.6.3 Fertilizer availability 
In scenario II, regional inorganic fertilizer requirements (elementary form) increase 
to about 14 000 ton (Table 4.10). This would imply a considerable increase in total 
inorganic fertilizer import in Mali, currently about 12 000 ton (1987/88; FAO, 1991b). 
The inadequate supply of inorganic fertilizer is, however, a continuous problem in West 
Africa for various reasons, such as marketing constraints, low priority in transport, 
excessive bureaucracy, inadequate infrastructure (Sijm, 1992; Makken, 1991; Daapah, 
1989; Schultz et ai, 1987) and the supply through cooperatives and extension services 
to the farm level (Thompson & Baanante, 1988). In addition, there is often a lack of 
crop-specific fertilizer recommendations and application of fertilizer intended for cash 
crops to food crops (Vlek, 1990). This limited supply also contributes to high prices 
(Makken, 1991; Vlek, 1990; Daramola, 1989). 
In scenario III, these constraints become even more important, and the question 
arises if the country can afford investments to alleviate these constraints, compared to 
costs of food imports in dry years (difference between scenarios II and III). 
4.6.4 Uneven distribution of costs and profits 
Monetary issues have been dealt with only at the regional level, i.e. the minimum 
(restricted) regional gross revenue that can be attained. However, it should be realized 
that in the region two groups are present, pastoralists and farmers, with complete 
different monetary inputs and revenues. 
Farmers have to spent high monetary inputs in crops per unit product (shallots and 
other vegetables excluded), i.e. 19, 34 and 62 FCFA kg-1 in scenario I, II and III, 
respectively, with the major part spent on inorganic fertilizer, i.e. 9, 23 and 50 FCFA 
kg"1, respectively. Fanners are reluctant to invest in inorganic fertilizers, because of the 
low current farmgate product price of 55 to 75 FCFA kg*1 (Table 4.6) and the fact that 
only a small part of the products can be sold. The latter is partly caused by a relatively 
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small urban market, as a result of large imports of wheat and rice (IOV, 1991). On the 
other hand, monetary inputs in livestock are lower (costs for supplements or transport of 
animals in dry years are not included), while revenues are much higher. This suggests a 
policy that is geared to more integration of the grain component and livestock 
component of agricultural production. This also existed in former days, but is now 
unacceptable form of feudal dependence. 
Apart from this lack of integration, livestock marketing may present a problem, 
considering the calculated regional meat export in scenario II (i.e. 93 000 ton 
liveweight, or about 373 000 TLU) in comparison to the current national cattle export of 
140 000 TLU (Club du Sahel, 1990). The market is further affected by competing 
imports of low-priced meat from e.g. the EG (priced at 44% of local meat; Club du 
Sahel, 1990). The possible consequences for regional gross revenue in the defined 
scenarios, are evident. 
4.6 5 Possible steps for further analysis 
To examine the possibilities for the policy to meet food needs and guarantee an 
acceptable income for both farmers and pastoralists on a sustainable basis, the effects of 
measures can be investigated. They may comprise: 
- Adaptation of prices. 
Veeneklaas et al. (1991) demonstrated that a 50% reduction in inorganic fertilizer 
price increases fertilizer use, marketable crop production (+ 84 000 ton) and 
regional gross revenue (+ 2.7 109 FCFA) and resulted in a lower regional grain 
deficit in dry years (- 46 000 ton). 
A 50% increase in output prices, however, resulted in smaller changes in marketable 
crop production (+ 13 000 ton), regional gross revenue (+ 1.8 109 FCFA), and 
regional grain deficit in dry years (- 6 000 ton). Sijm (1992) also considers 
supporting producer prices ineffective. Consequently, subsidizing inorganic 
fertilizers seems a better measure, although such subsidies have not been granted 
since 1988 in Mali (IOV, 1991). A lower fertilizer price can also be achieved by 
improvement of transport infrastructure (e.g. transport facilities between main 
harbours (Dakar, Senegal; Abidjan, Ivory Coast) and Mali) and ensuring that road 
controls installed by various organisations can be passed without payment of levies. 
Further, a levy on imported meat could help to improve marketing of local meat, but 
for the local population this would imply no access to low-priced meat. 
- Restriction of animal number. 
Although theoretically the calculated number of animals can be supported, problems 
may occur, for instance, with passing-through permits (land tenure problem). In 
addition, in the real-life situation the risk remains that farmers can not afford to pay 
for supplements in dry years, with associated consequences for overgrazing of 
rangeland, mortality and imbalances in the herd structure leading to lower 
production. 
A lower number of animals has also consequences for cropping techniques as a 
result of lower manure availability. 
- Development of the non-agricultural sector. 
To increase employment, allow payment of imports from outside the region and 
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reduce the dependence of the region on animal husbandry for gross revenue, 
development of the non-agricultural sector is imperative. 
The effects of some of these measures can be analyzed with the IMGLP-model, e.g. 
through adapting restrictions and prices. The consequences for agricultural development 
can be evaluated, followed by a new post-model analysis. In addition, the model can be 
run with optimization of different goals (e.g. gross revenue) with a restriction on 
marketable crop production. Such analyses should be carried out in close cooperation 
with stakeholders in the region and national authorities. 
4.7 Concluding remarks 
The IMGLP-model covers all major agricultural activities (including potential ones) 
of the region. It contains all known relations among these activities and between 
activities and natural and human resources, in quantitative terms (input-output format). 
Therefore, a great number of data are required. 
The model can be used to examine consequences of optimizing certain goals for 
land use, intensification level and degree of exploitation of natural and human 
resources. Examples are maximizing regional gross revenue (Veeneklaas et al, 1991) 
and marketable crop production (this chapter). It moreover, can clarify the trade off 
between goals. In addition, the linear programming analysis indicates which of the 
imposed restrictions are binding, i.e. prevent further increases in the value of the goal 
optimized. 
It should be realized that the model results can not directly be compared to the 
actual situation. One of the major reasons is that optimum conditions are assumed, 
aimed at maximum goal achievement, contrary to 'real life' situations. Another 
important reason is that the defined production techniques are based on sustainable 
exploitation of the natural resources, which is currently not the case. Comparison of 
model results with the present situation is only relevant in relation to the question how a 
goal-oriented transition can be achieved from the current exhaustive mode of 
exploitation to one of the selected modes of sustainable exploitation. The differences 
between the present situation and the prospective one should provide indications for the 
necessary efforts. 
The approach presented comprises a target-oriented analysis method (i.e. inputs are 
function of target yield) that allows explanatory analysis of the results in agro-technical 
terms. An input-oriented approach (yield is function of applied inputs), such as farming 
systems research, is seriously handicapped in explaining observed yields, which are the 
result of the specific combination of inputs, environmental and socio-economic 
conditions. In the approach presented here, however, important aspects of agricultural 
production systems can not be quantified (e.g. social and judicial aspects) and are thus 
excluded from the model analysis. Therefore, post-model analyses are required to 
examine the consequences of these omissions. 
In addition to effects on crop yields, the impact of fertilizer availability was related 
to other agricultural activities and rural population. For the Fifth Region of Mali, the 
requirement for sustainability in terms of nutrients resulted in a strong interaction 
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between crops and animal husbandly, because animal manure has to be maximally used. 
Furthermore, increased fertilizer availability resulted in a higher degree of 
diversification in both crop and animal husbandly activities. In addition, differences 
between the eleven agro-ecological zones were amplified. 
Regional food needs can be met in normal years under the conditions of 
sustainability and an acceptable regional gross revenue. Surplus is produced in 7 of the 
11 agro-ecological zones in the scenarios with restricted and intermediate inorganic 
fertilizer availability. 
The post-model analysis indicated that scenario II, with intermediate inorganic 
fertilizer availability, is useful for exploring development options in view of the high 
population growth rate and the constraints on fertilizer supply. This scenario implies 
higher total imports of inorganic fertilizer, especially of phosphorus and potassium, and 
improved infrastructure. To stimulate the use of inorganic fertilizer, a reduction in 
farmgate price is recommended. Non-agricultural activities are required to generate 
additional regional gross revenue and reduce the dependence on animal husbandry, 
especially in view of the uncertain future of the meat market. 
For a more elaborate post-model analysis, carried out in close cooperation with 
stakeholders in the region, inclusion of these non-agricultural activities in the IMGLP-
model may be necessary. 
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PART B. DETAILED PLANT DATA 
In this part, which gives an overview, only few comments are made about plant 
characteristics related to biomass distribution, fertilizer experiments and uptake of 
nutrients. 
5. MILLET 
5.1 Dry matter distribution 
Results on dry matter distribution are presented as the probability curve of reported 
harvest indices (Figure 5.1) and on the basis of simulation results as the relation grain to 
straw (Figure 5.2). 
Probability (%) 
100 r-
West African millet (n = 256) 
non-West African millet (n = 207) 
50% level 
0.1 0.5 0.2 0.3 0.4 
Harvest Index 
Figure 5.1. Harvest index distribution of millet under different conditions. 
Sources West Africa: Balasubramanian &. Nnadi, 1981: Bationo et al., 1991{Berlrand « til. 1972: Blonde!. 1971a Jo.; Christiansen et al.. 1990: Danceae. 1983: Duiker. 1989; 
van Duivenbooden & Cissé. 1989: Ganry. 1990: Canry etal., 1974: Carba. 1990: Cosseye.pers. comrn.; Hulet. 1988: ICR1SAT, 1989: Jenny. 1974; Jones. 1976;Kassam 
& Stockinger. 1973; fidiayc. 1978: Persaud el al.. 1989; Pidiot el al.. 1974; Fieri. 1979:1983; Séné. 1989; Siband, 1981; Sivakumar, 1990; Traoré. 1974; Vidal, 1963; 
Elsewhere: Coaldrake & Pearson, 198}; Craufurd <t Bidinger, 1988.1989; Gaiaam etal.. 1984; Giri i De, 1979; Gregory & Squire. 1979; Joshi. 1989; Lai. 1979; Prasad el 
al., 1985; Reddy et al.. 1982; 1992; Sharma <t Sworup, 1989: Singh & Randliawa. 1979: Wani el al.. 1990; 
Nol included here, bul for analysis of HI (Table 2.4) additionally used: Baliono & Mokwuirye, 1991; Nabos el al., 1974; Muchow. 1989. 
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D 0-soil, intensive systems 
- Straw - 500 » 2.5 * Grain 
• • D-soil, extensive S semi-intensive systems 
Straw - 300 * 3.0 * Grain 
I • I i I i 
1000 2000 3000 
Grain (kg ha-1) 
Figure 5.2. Simulated relationship of millet straw and grain production for intensive 
production systems and estimated relationship for extensive and semi-intensive 
production systems (van Duivenbooden, 1991; Erenstein, 1990). 
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5.2 Concentration of major elements 
Table 5.1. Minimum and maximum concentrations [g kg'1] of major elements in 
straw, grains and total above-ground biomass of millet at maturity; one 
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Richard ea, 1989 




Pichot ea, 1974 
Pichot ea, 1974 
Bertrand ea, 1972 
Piéri, 1979 
Richard ea, 1989 
Sharma & Swarup, 
1989 
With respect to the data in Table 5.1, the following remarks may be made. P-
concentrations of 2.2 to 2.9 g kg-1 reported for straw of HKN (Pichot et ah, 1974) are 
considered measurement errors, as they are about a factor ten higher than other reported 
values. 
The K-concentration of straw of 7.3 g kg'1 (Piéri, 1979) is, in comparison with 
other reported values, considered too low. Hence, the nearest minimum value, i.e. 10.0 
is taken as minimum (Piéri, 1979; 1985). 
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5.3 Three quandrant figures 
5.3.1 Nitrogen 
Y (kg ha-1) 
2000 r-
a 160 120 
Ka (kg ha-1) 
Crop: H11 let. Ntou Bobo 
Location: Séno, Mall. 1971 
Source: Traoré, 1974 
o 2 * urea 
- Nu - 25.1 + 0.10 Na 160 i-
Na (kg ha-1) 
Nu (kg ha-1) 
Y (kg ha-1) 
4000 r-
150 100 
Na (kg ha-1) 
Crop: Millet, Souna III 
Location: Bambey, Senegal, 1973 
Source: Ganry et al., 1974 
Remarks: N% straw set at 0.6* 
o 3 * urea 
— Nu - 53.8 + 0.33 Na 
• straw + 3 * urea 
- Nu - 67.0 + 0.27 Na 
150 i-
Na (kg ha-1) 
Figure 5.3. Relation between total nitrogen content (Nu) and yield (Y), that between 
nitrogen application (Na) and nitrogen content, and that between nitrogen application 
and yield. 
88 
Y (kg ha-1) 
2000 r-
100 80 
Na (kg ha-1) 
Crop: Mllet, HKN 
Location: Tarna, Niger, 1971 
Source: Plchot et al., 1974 
o 2 * urea 
— N u - 28.1 + 0.28 Na 
• straw + 2 * urea 
- Nu - 32.2 + 0.21 Na 
100 
Na (kg ha-1) 
Y (kg ha-1) 
2000 r-
100 80 
Na (kg ha-1) 
Crop: Hlliet. P3 Kolo 
Location: Tarna, Niger 
Source: Plchot et al., 1974 
o 2 * urea (1972) 
— N u - 54.5 + 0.17 Na 
• straw + 2 * urea (1972) 
- Nu - 52.5 + 0.18 Na 
o 2 * urea (1973) 
— Nu - 32.7 + 0.56 Na 
• straw + 2 * urea (1973) 
— Nu - 69.8 + 0.51 Na 
100 
Na (kg ha-1) 
100 
Nu (kg ha-1) 
Figure 5.3. Continued. 
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Y (kg ha-1) 
65 
Na (kg ha-1) 
Crop: Millet, Souna III 
Location: Nioro du Rip, Senegal, 1988 
Source: van Dulvenbooden & Clssé, 1992 
o NPK + urea 
— Nu - 103.8 • 0.15 Na 
• NPK + urea + manure 
- Nu - 97.2 + 0.55 Na 
65 I-
Na (kg ha-1) 
150 
Nu (kg ha-1) 
Y (kg ha-1) 
400 300 
Na (kg ha-1) 
Crop: Millet, Souna 
Location: N1ono, Mali, 1982 
Source: Gosseye, unpublished 
A without fertilizer 
o NK 
— Nu - 74.0 + 0.74 Na 
a urea 
- Nu - 66.1 + 0.83 Na 400 
Na (kg ha-l) 
200 
Nu (kg ha-1) 
Figure 5.3. Continued. 
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Y (kg ha-1) 
60 40 
Na (kg ha-1) 
Crop: Millet 
Location: Louga, Senegal 
Source: Tourte et al., 1971 
Remarks: NHI set at 0.40 
o Nitrogen fertilizer 
- Nu - 21.2 + 0.55 Na 
(kg ha-1) 
55 "-
Na (kg ha-1) 
Y (kg ha-1) 
3000 p-
100 80 
Na (kg ha-1) 
Crop: Hl liet, var. see below 
Location: Samara, Nigeria, 1981 
Source: Singh & Thakare, 1986 
a Gero hairy 
— Nu - 37.3 + 0.53 Na 
o Dwarf coop 
- Nu - 36.3 + 0.41 Na 
A Gero early comp 
-- Nu - 37.5 + 0.30 Na 
+ Hybrid 
— N u - 39.3 + 0.55 Na 
x Ex-Bornu 
— Nu - 34.0 + 0.5Z Na 
100 
Na (kg ha-1) 
60 80 
Nu (kg ha-1) 
!x A om--
Figure 5.3. Continued. 
5.32 Phosphorus 
91 
Pa (kg ha-1) 
Crop: Millet, Souna 
Location: Mono, Hall. 1982 
Source: Gosseye, unpublished 
A Total (TO) 
o PU 
- Pu - 4.9 + 0.13 Pa 
a m 
- P u - 4.2 + 0.37 Pa 80 
Pa (kg ha-l) 
a 
Pu (kg ha-1) 
I i i 
1000 
I i i i i I 
IS 10 
Pa (kg ha-1) 
Crop: Millet 
Location: IARI, India 
Source: Prasad et al., 1985 
o 1 * Triple superphosphate 
- P u - 6.8 + 0.13 Pa 
10 
15 I-
Pa (kg ha-1) 
10 
Pu (kg ha-1) 
Figure 5.4. Relation between total phosphorus content (Pu) and yield (Y), that between 
phosphorus application (Pa) and phosphorus content, and that between phosphorus 




Pa (kg ha-1) 
Crop: Hl liet. P3 Kolo 
Location: Tama, Hlger, 1969-71 
Source: Nabos et al., 1974 
o Tahoua phosphate (1969) 
— Pu - 2.9 + 0.24 Pa 
• Tahoua phosphate (1970) 
- Pu - 2.4 + 0.16 Pa 
• Tahoua phosphate (1971) 
— Pu - 2.7 + 0.17 Pa 
Pa (kg ha-1) 
Y (kg ha-1) 
15 
Pa (kg ha-1) 
Crop: Millet, Souna III 
Location: Nloro du Rip, Senegal, 1988 
Source: van Dulvenbooden & Clssê, 1992
 1Q 
o NPK + urea 
— P u - 11.0 + 0.13 Pa 
• NPK + urea + manure 
- Pu - 12.3 + 0.27 Pa 
15 
Pa (kg ha-1) 
Figure 5.4. Continued. 
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Y (kg ha-1) 
2000 r-
70 50 
Pa (kg ha-1) 
Crop: Millet. N1ou Bobo 
Location: Seno, Mali, 1971 
Source: Jenny. 1974 
o Triple Superphosphate 
— Pu - 4.1 + 0.20 Pa 
• Natural phosphate (Tilemsi) 
— Pu - 4.3 + 0.09 Pa 
70 
Pa (kg ha-1) 
Y (kg ha-1) 
2000 r-
70 50 
Pa (kg ha-1) 
Crop: Millet, Niou Bobo 
Location: Sotuba, Mali. 1971 
Source: Jenny. 1974 
o Triple superphosphate 
— P u - 2.5 + 0.19 Pa 
• Natural phosphate 
- Pu - 1.8 + 0.12 Pa 
70 
Pa (kg ha-1) 
Figure 5.4. Continued. 
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I I I — J I I I I I L _ l l_ 
15 10 5 
Pa (kg ha-1) 
Crop: Millet 
Location: Gover, Niger, 1987 
Fertilizer: Single Superphosphate 
Source: Bationo & Hokwunye, 1991 




Pa (kg ha-1) 
Figure 5.4. Continued. 
5.3.3 Potassium 
95 
Y (kg ha-1) 
100 80 
Ka (kg ha-1) 
Crop: Millet, Souna III 
Location: Bambey, Senegal, ? 
Source: Piéri, 1985 
Remark: K% grains set at 0.5% 
o HPK 
- Ku - 60.8 + 1.69 Ka 
100 l-
Ka (kg ha-1) 
Y (kg ha-1) 
80 60 
Ka (kg ha-1) 
Crop: Hi liet, Souna III 
Location: Bambey, Senegal 
Source: Piéri, 1979 
Remarks: rächis excluded 
o NPK (1973) 
— Ku - 198.4 + 0.22 Ka 
• NPK (1974) 
- Ku - 148.0 + 0.37 Ka 
80 
Ka (kg ha-1) 
Figure 5.5. Relation between total potassium content (Ku) and yield (Y), that between 
potassium application (Ka) and potassium content, and that between potassium 
application and yield. 
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Y (kg ha-1) 
3000 
80 60 
Ka (kg ha-1) 
Crop: Nil let, Souna III 
Location: Bambey, Senegal, 1976 
Source: Plerl. 1979 
Remarks: rachls excluded 
o NPK 
— Ku - 112.3 + 1.39 Ka 
• NPK + straw 
- Ku - 147.4 + 1.04 Ka 
Ku (kg ha-1) 
Ka (kg ha-1) 
Ka (kg ha-1) 
Crop: Millet. Souna III 
Location: Bambey. Senegal, 1977 
Source: Piéri, 1979 
o NPK 
— Ku - 64.6 + 2.04 Ka 
• NPK + straw 
- Ku - 123.9 + 1.58 Ka 
Ku (kg ha-1) 
80 
Ka (kg ha-1) 
Figure 5.5. Continued. 
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i (g pot-i) 
20 
80 60 
Ka (mg pot-1) 
40 20 
Crop: Fingermlllet 
Location: pot experiment, India 
Source: Ekambaram et al., 1975 




200 400 600 \800 1000 
Ku (mg pot-1) 
o\ 
80 
Ka (mg pot-1) 
Y (kg ha-1) 
30 
Ka (kg ha-1) 
Crop: Millet. Souna III 
Location: N1oro du Rip, Senegal, 1988 
Source: van Duivenbooden & Clssé, 1992 
o HPK + urea 
— Ku - 103.2 + 0.73 Ka 
• NPK + urea + manure 
- Ku - 116.5 + 2.20 Ka 
30 
Ka (kg ha-1) 
200 
Ku (kg ha-1) 
Figure 5.5. Continued. 
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5.4 Nutrient content as related to yield 
The relationship yield/N-content in millet is more or less identical in India and 
West Africa. However, the initial slope (YNI) is somewhat higher in India than in West 
Africa, especially if compared to the one for Senegal, 45 versus 35 kg kg-1 (Figure 5.6c 
and a, respectively). The value of other West African countries is in between (Figure 
5.6b). 
General causes for variation in reported Y/Nu values have been discussed in Section 
2.4. In addition, with respect to millet in Senegal, is that Nu in the data reported by Piéri 
(1979) did not included N-content in the rachis, but as that did not exceed 10% of the 
total in the experiment of van Duivenbooden & Cissé (1989), even after correction, 
those points exhibit a higher ratio Y/Nu. As Gamy et al. (1974) did not report N-
contents in straw of millet, that was set at the generally observed value of 0.6%. 
From available data (Piéri, 1979) with respect to effects of other nutrients on the 
relationship Y/Nu, it is concluded that K-fertilizer application has no effects. 
In the relationship yield/P-content, as for nitrogen, differences occur between West 
Africa and India (Figure 5.7). The difference in both relationships is mainly caused by a 
higher harvest index in millet in India, 0.28 versus 0.22 (Figure 5.2). 
Additional values are available, but as the growing conditions (under flooding; 
Sharma & Swarup, 1989) differs from those reported by other authors, they are not 
included. The available data for proso millet (Rodriquez et ai, 1990) are also not 
included. 
For a further discussion on millet and nutrient uptake in Senegal, reference is made 
to van Duivenbooden & Cissé (1992). 
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Y (kg ha-1) 
50 100 
Nu (kg ha-1) 
150 
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Nu (kg ha-1) 
a) S0UNA III IN SENEGAL (West Africa) 
• Nioro (van Duivenbooden & Cissë, 1992) 
o Bambey (Piéri, 1979) 
o Bambey (Piéri, 1985) 
& Bambey (Gigou et al.. 1985) 
» Bambey (Ganry et al.. 1974) 
v Bambey (Siband. 1981) 
• Bambey (Blonde), 1971c) 
> Bambey (Ganry. 1990) 
x non Souna III (Ndiaye, 1978) 
• non Souna III (Blonde!. 1971a; Ganry, 1990) 
• non Souna III (Siband. 1981; Vidal, 1963) 




(Singh t. Randhawa. 1979) 
(Gregory, 1979: 
Gregory & Squire, 1979) 
(Wani et al., 1990) 
(Singh & Thakare. 1986) 
YNI - 45 kg kg-1 
100 
Nu (kg ha-1) 
150 
b) OTHER WEST AFRICAN COUNTRIES 
• Kali (Traorê. 1974) 
v Hau (Jenny, 1974) 
+ Mali (Gosseye, unpublished) 
o Niger (Pichot et al., 1974) 
x Niger (Carba. 1990) 
» Niger (Bertrand et al., 1972) 
> Niger (Bâtior» & Hukwunye, 1991) 
4 Nigeria (Singh t Thakare. 1986) 
• Nigeria (Reddy et al., 1992) 
• General (Euroconsult. 1989) 
- YNI - 40 kg kg-1 
Figure 5.6. Relation between total nitrogen content (Nl() and yield (Y) of millet; YNI = 
initial slope. 
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Pu (kg ha-1) 





a) SOUNA 111 IN SENEGAL (West Africa) 
D Nioro (van Duivenbooden & Cissé, 1989) 
o Bambey, no fert. (Piéri. 1979) 
A Bambey, NP-fert. (Piéri. 1979) 
+ Bambey, NPK-fert. (Piéri, 1979) 
x Bambey (Piéri, 1985) 
» Bambey (Siband. 1981) 
• non Souna III (Ndiaye, 1978) 
T non-Souna III (Siband. 1981) 
• non-Souna III (Vidal, 1963) 
— YPI - 250 kg kg-1 
20 
Pu (kg ha-1) 
c) INDIA 
D (Gregory, 1979; 
Gregory S Squire. 1979) 
• (Singh S Randhawa, 1979) 
A (Hani et al.. 1990) 
+ (Prasad et al.. 1985) 
x (Lai. 1979) 
YPI - 350 kg kg-1 
b) OTHER WEST AFRICAN COUNTRIES 
» Mali (Traoré. 1974) 
+ Mali (Jenny. 1974) 
D Hau (Gosseye, unpublished) 
o Niger (Nabos et al., 1974) 
4 Niger (Bertrand et al.. 1972) 
» Niger (Pichot et al.. 1974) 
• Niger (Bationo & Mokwunye, 1991) 
— YPI - 325 kg kg-1 
20 
Pu (kg ha-1) 
Figure 5.7. Relation beween total phosphorus content (Pu) and yield (Y) of millet. YPI 
= initial slope. 
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50 150 200 
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250 











A So . 
* 
i . i 
mi S 
i 1 , 1 i 1 
300 100 150 200 
Ku (kg ha-1) 
250 
a) SOUNA III IN SENEGAL (West Africa) 
o Nioro (van Duivenbooden & Cissé, 1989) 
o Bambey. NP-fert. (Piëri. 1979) 
A Bambey. NPK-fert. (Piéri. 1979) 
x Bambey (Piéri. 1985) 
e Bambey (Siband, 1981) 
» Thilmakha (Cissé. 1988) 
+ non Sotina III (Ndiaye. 1978) 
- non Souna III (Siband, 1981) 
- TKI - 100 kg kg-1 
b) OTHER WEST AFRICAN COUNTRIES 
D Mali (Traoré. 1974) 
v Mali (Jenny. 1974) 
o Niger (Bertrand et al.. 1972) 
4 Niger (Pichot et al.. 1974) 
• Niger (Bationo S Hokwunye, 1991) 
x Nigeria (Jones, 1976) 
TKI - 100 kg kg-1 
c) INDIA 
D (Munda et ai., 1984) 
o (lal, 1979) 
» (Gregory, 1979; Gregory 
• 6 Squire, 1979) 
+ (Hani et al., 1990) 
- TKI - 100 kg kg-1 
Figure 5.8. Relation between total potassium content (Ku) and total above-ground dry 
matter (T) of millet. TKI = initial slope. 
102 











v > X 
V A V _ X 
o> yr 
8














50 100 150 200 
(K+Ca+Mg)u (kg ha-1) 
250 
Mali (Bertrand et al., 1972) 
Mali (Traoré. 1974) 
Mali (Jenny. 1974) 
Niger (Bationo & Mokwunye, 1991) 
Niger (Jones, 1976) 
Niger (Pichot et a l . . 1974) 
Senegal (Vidal. 1963) 
Senegal (van Duivenbooden & Cissé, 1992) 
Senegal (Piëri, 1979; 1985) 
T = -395 + 48 * (K+Ca+Mg)u 
(r = 0.87, n = 57) 
300 
Figure 5.9. Relation betu>een the combined content of potassium, calcium and 
magnesium (K+Ca+Mg)u and total above-ground dry matter (T) in millet. Line 
represents average regression line. 
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5.5 Ratio phosphorus content to nitrogen content 
Minimum and maximum P/N ratios aie graphically presented in Figure 5.10; the 
P/N of 0.10 is given as comparison with the optimum value in annual grasses (Penning 
de Vries et al, 1980). 




/ D ^ D 
' D ' H > 
D > > 
> 
50 100 
Nu (kg ha-1) 
150 








Nu (kg ha-1) 
a) S0ÜNA III IN SENEGAL («est Africa) 
t> Nioro (van Duivenbooden S Cissë, 1989) 
o Bambey (Piéri, 1979) 
o Bambey (Piéri, 1985) 
v Bantey (Siband. 1981) 
> Thilmakha (Cissé. 1988) 
x non Souna III (Ndiaye, 1978) 
• non Souna III (Siband, 1981; Vidal, 1963) 
- P/Nmin - 0.10 
- P/Nmax - 0.34 
b) OTHER WEST AFRICAN COUNTRIES 
o Mali (Traorê. 1974) 
& Mali (Jenny, 1974) 
e Mali (Gosseye, unpublished) 
a Niger (Bertrand et al.. 1972) 
x Niger (Pichot et al.. 1974) 
• Niger (Bationo & Hukwunye, 1991) 
• General (Euroconsult, 1989) 
— P/Nmin - 0.05 
- P/N - 0.10 
P/Nmax - 0.25 
c) INDIA 
(Singh t Randhawa, 1979) 
(Hani et al.. 1990) 
(Munda et al., 1984) 
(Lai, 1979) 
(Gregory, 1979) 
P/Nmin • 0.05 
P/N - 0.10 
P/Nmax - 0.25 
Figure 5.10. Relation between nitrogen and phosphorus content at maturity in 
aboveground biomass of millet. 
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5.6 Relations among relative post-anthesis nutrient uptake values of 
N, P and K 
o Senegal (Siband, 1981) 
o Senegal (Cissé, 1988) 
A Senegal (van Ouivenbooden & Cissé, 1989) 
• Mali (Gosseye, pers. conn.) 
o USA (Payne, 1990) 
> India (Gregory, 1979) 
v India (Hunda et al., 1984) 
• India (Singh & Randhawa, 1979) 
RPU - -0.15 + 1.26 RNU 












o Senegal (Siband, 1981) 
o Senegal (Cissé, 1988) 
> India (Gregory, 1979) 












a Senegal (Siband, 1981) 
o Senegal (Cissé, 1988) 
x USA (Rodriquez et al., 1990) 
• India (Gregory, 1979) 
v India (Munda et a l . , 1984) 
D 
*&-*- 0.8 
Figure 5.11. Relationship between relative post-anthesis nutrient uptake in millet of a) 
nitrogen and phosphorus, b) nitrogen and potassium and c) phosphorus and potassium. 
Line represents average regression line. 
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Mali (Jenny, 1974, Traorê, 1974; Gosseye, pers. cornu.) 
Niger (Bertrand et al., 1972: Pichot et al., 1974) 
Niger (Bationo & Mokwunye, 1991) 
Nigeria (Reddy et al.. 1992) 
Senegal (van Duivenbooden & Cissê, 1989; Ganry, 1990) 
Senegal (Blondel. 1971a; Piéri, 1979; Vidal. 1963) 
Australia (Coaldrake & Pearson, 1985) 
India (Wani et al., 1990) 
NHI - 0.05 + 1.73 * HI (r - 0.83, n - 102) 
_L I 
0.1 0.2 0.3 
HI 
0.4 0.5 
Mali (Traoré, 1974) 
Mali (Jenny, 1974) 
Mali (Gosseye, pers. conin.) 
Niger (Bertrand et al., 1972) 
Niger (Bationo & Mokwunye, 1991) 
Niger (Pichot et al., 1974) 
Nigeria (Balasubrananian a Nnadi, 1981) 
Senegal (Vidal, 1963) 
Senegal (van Duivenbooden & Cissé, 1989) 
Senegal (Piéri, 1979) 
India (Wani et al.. 1990) 





Figure 5.12. Relation between a) harvest index and nitrogen harvest index and b) 



























• Australia (Coaldrake & Pearson, 1985) 
o Mali (Gosseye. pers. com.) 
& Senegal (Blonde). 1971a) 
+ Senegal (van Duivenbooden & Cissê, 1989) 
x Senegal (Ganry. 1990) 
0.8 
D Mali (Gosseye, pers. com.) 
» Senegal (van Duivenbooden & Cissé, 1989) 
0.8 
Figure 5.13. Relation between relative post-anthesis nutrient uptake and nutrient 
harvest index in millet for a) nitrogen and b) phosphorus. 
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6. SORGHUM 
6.1 Dry matter distribution 
Results on dry matter distribution are presented on the basis of simulation results 
for a flood-retreat sorghum (van Duivenbooden, 1991) as the relation grain to straw 
(Figure 6.1) and as the probability curve of reported harvest indices in world-wide 
experiments (Figure 6.2). 
Straw (kg ha-1) 
6000 i-
5000 - / w V P ' ® ° 
4000 
3000 




o G-soil, Intensive systems 
Straw - 4310 + 0.41 * Grain (G>800 kg ha-1) 
G-soll, extensive & semi-intensive systems 
• • Straw - 3450 + 2.0 * Grain 
J 1 I_I 1 I 1 1 1 1 1—j 1 i—i I 
1000 2000 3000 4000 
Grain (kg ha-1) 
Figure 6.1. Simulated relationship of flood-retreat sorghum straw and grain production 
for intensive production systems and estimated relationship for extensive and semi-




West African sorghum (n = 120) 
non-West African sorghum (n = 179) 
50% level 
0.2 0.3 0.4 0.5 
Harvest Index 
0.6 
Figure 6.2. Harvest index distribution of sorghum under different conditions. 
Sources West Africa: Arrivas. 1976: Blonde!. 1971a jt: Deal el at., 1976: Djoulcl & Fortier. 1989: Dupont de Dinechin. 196S: Cigou. 19S1.1984. 19S6a.b; 1CR1SAT. 1989: 
Jacauinot. 1964: Jenny. 1974: Kassam <£ Slockinger, 1973: Ogunlela i Yusuf. 19,%$: Tourte el ai, 1971: Ogunlela. 19S3.19S8: 
Elsewhere: van Artel, 1978: Babu & Singli. I984c.b: Blum el al., 1992: Cerakis & Tsangarakis. 1969: Locke & Hons. 1988: Maranville el al.. 1980a: Meyers, 1978aJ>; 
Muchow. 1989,1990: Ofori, 1972: Rai. 1965a.b: Roy It Wrighl. 1973:1974. Sadaplial 4 5:'/ig/i, 1971: Seelharama el al.. 1987: 
Not included here, bul for analysis of HI (Table 2.4) additionally used: Bennett el al.. 1990: Mucltotv & Coales. 1986: Perry & Olson. 1975: Tnrkhede & Prasad. 1980. 
Further available, but not included due to lime restrictions: Goldsworlhv. 1970: Powell A Hons. 1992. 
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6.2 Concentration of major elements 
Table 6.1. Minimum and maximum concentrations [g kg'1] of major elements in 
straw, grains and total above-ground biomass of sorghum at maturity; each 

























































































































































































& Nnadi, 1981 
Okaiyeto, 1984 
Blondel, 1971d 
Vidal ea, 1962 
Tourte ea, 1964 

















Perry & Olson, 
1975 




Powell ea, 1991 
Bennett ea, 1990 
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Sc Nnadi, 1981 
Tourte ea, 1964 
Tourte ea, 1971 
Jacquinot, 1964 
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Bennett ea, 1990 






& Nnadi, 1980 
Tourte ea, 1964 
Jacquinot, 1964 





& Nnadi, 1981 
Tourte ea, 1964 
Jacquinot, 1964 
With respect to the data in Table 6.1, the following remarks may be made. The 
minimum P-concentration in grains is 0.2 g kg"1, but for crop growth as food-retreat 
sorghum in the period January-May (van Duivenbooden et al, 1991, p. 64), this would 
lead to a relatively low P/N ratio, hence in that case, the minimum value is set at 0.3 
g kg'1. 
The lowest reported K concentration in straw equals 3.3 g kg-1 (Jacquinot, 1964), 
but considering the ratio K-content/total aboveground dry matter, and the other reported 
concentrations, this value is considered a measurement error. 
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6.3 Three quandrant figures 
6.3.1 Nitrogen 




L j I i I I L_L. 
100 80 
Na (kg ha-l) 
60 40 20 
Crop: Sorghum, IRAT 55 
Location: Maroua, Cameroun, 1976 
Source: G1gou, 1984 
o 2 * anrnoniuinsulphate 






Na (kg ha-l) 
• ' • 
20 60 80 100 
Nu (kg ha-l) 
a 
• NPK + manure 
Nu - 5.9 + 1.05 Na 
100 
Na (kg ha-l) 
Crop: Sorghum, S 29 
Location: Sarla, Burkina Faso, 1971 50 
Source: Arrivets, 1976 
o NPK 
- N u - 6.4 + 0.30 Na 
Na (kg ha-l) 
Figure 6.3. Relation between total nitrogen content (NJ and yield (Y), that between 




Na (kg ha-1) 
Crop: Sorghum, CSH-I 
Location: IARI. India, 1967-68 
Source: Roy & Wright. 1973: 1974 
o 2 * nitrogen fertilizer 
— Nu - 60.5 + 0.49 Na 
• 2 * nitrogen + P: 26 kg ha-1 
- Nu - 82.4 + 0.55 Na 
120 l-








• » ' • ' • • • • ' • ' • • ' • 
180 130 
Na (kg ha-1) 
80 30 
Crop: Sorghum, Wad Aker 
Location: Sudan 
Fertilizer: Amnonium sulphate 
Source: Rai, 1965a,b 
a P - 0 kg ha-1, sowing 7-7-61 
- N u - 134.9 + 0.31 Na 
o P - 37.4 kg ha-1, sowing 7-7-61 














Nu (kg ha-1) 
Figure 6.3. Continued. 
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1
 * * ' * ' • • ' • ' ' ' ' • * • • ' • • • -
250 200 150 100 50 
Na (kg ha-1) 
Crop: Sorghum Dekalb DK55 
Location: Australia 
Fertilizer type: amtnnium nitrate 
Source: Muchow, 1990 
• sown in August, wet water regime 
- Nu - 54 • 0.35 Na 
o sown in August, dry water regime 
Nu - 44 + 0.32 Na 
A sown in February, dry water regime 
Nu - 36 + 0.48 Na 
+ sown in February, wet water regime 
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 • • I • • • • * ' • ' ' 
200 140 80 
Na (kg ha-1) 
Crop: Sorghum 
Location: Senegal, 1968 
Source: Blonde 1, 1971d 
o Kotiary 
— N u - 27.0 + 0.22 Na 
a Nioro 












Figure 6.3. Continued. 
6.3.2 Phosphorus 
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1 (kg ha-1) 
3000 r-
70 50 
Pa (kg ha-1) 
Crop: Sorghum, Sonlnkoura 
Location: Sotuba. Mali, 1971 
Source: Jenny, 1974 
o NP 
- P u - 2.8 + 0.07 Pa 
70 i-
Pa (kg ha-1) 
25 
Pa (kg ha-1) 
Crop: Sorghum, S 29 
Location: Sarla, Burkina Faso, 1971 
Source: Arrlvets, 1976 
o NPK 
— Pu - 0.83 + 0.17 Pa 
• NPK + manure 
- Pu - 0.4 + 1.09 Pa 
25 
Pa (kg ha-1) 
Pu (kg ha-1) 
Figure 6.4. Relation between total phosphorus content (PJ and yield (Y), that between 
phosphorus application (P3) and phosphorus content, and that beween phosphorus 
application and yield. 
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30 20 
Pa (kg ha-1) 
Crop: SorghuB, CSH-I 
Location: IARI, India. 1967-1968 
Source: Roy & Wright. 1973; 1974 
• Phoshorus 
— Pu - 9.8 • 0.18 Pa 
o phosphorus * N: 60 kg ha-1 
— Pu - 15.3 + 0.22 Pa 
à. phosphorus + N: 120 kg ha-1 
— Pu - 16.7 + 0.38 Pa 
Pa (kg ha-1) 
Y (kg ha-1) 
90 70 
Pa (kg ha-1) 
Crop: Sorghta, S29 
Location: Sarla, Burkina Faso, 1963 
Source: Dupont de Olnechln, 1968 
o Phosphate fertilizer 
- Pu - 4.1 • 0.16 Pa 
90 l-
Pa (kg J H - 1 ) 









I i i i i i i I i 
40 30 
Pa (kg ha-1) 
20 10 
Crop: Sorghum, Wad Aker 
Location: Sudan 
Fertilizer: TSP 
Source: Rai. 1965a,b 
Sowing: 7-7-61 
o N - 0 kg ha-1 
— Pu - 13.6 + 0.09 Pa 
o N - 43 kg ha-1 
- Pu - 18.6 + 0.11 Pa 
A N - 86 kg ha-1 
— Pu - 17.4 + 0.20 Pa 
+ N - 171 kg ha-1 







Pa (kg ha-1) 
Figure 6.4. Continued. 
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6.4 Nutrient content as related to yield 
In contrast to millet, no differences in initial slopes between locations in sorghum 
exist (Figures 6.5,6.6 and 6.7). 





>A A OX 
• Burkina (Dupont de Dinechin, 1968) 
o Burkina (Arrivets. 1976) 
A Cameroun (Gigou. 1981; 1984; 1986a.b) 
+ Cameroun (Déat et al., 1976) 
x Mali (Jenny, 1974) 
o Nigeria (Kassam l Stockinger, 1973) 
7 Senegal (Jacquinot, 1964) 
> Senegal (Tourte et al., 1964) 
• Senegal (Blondel, 1971a.d) 
• General (Euroconsult, 1989) 
— YNI - 80 kg kg-1 
l 
50 100 150 
Nu (kg ha-1) 
200 250 





a Puerto Rico (Fox et al., 1974) 
o Sudan (Rai, 1965a;b) 
A Australia (Muchow, 1990) 
+ Australia (Wright et al., 1985) 
« Australia (Myers, 1978a.b) 
v USA (Maranville et al., 1980a) 
> USA (Perry & Olson. 1975) 
• USA (Bennett et al., 1990) 
x India (Roy & Wright, 1973, 1974) 
x India (Babu & Singh, 
• India (Singh & Bains, 
1984a.b) 
1973) 
YNI -. 80 kg kg-1 
50 100 150 - 200 
J 
250 
Nu (kg ha-1) 
Figure 6.5. Relation between total nitrogen content (Nu) and yield (Y), a) in West Africa 
and b) elsewhere; YNI = initial slope. 
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Burkina (Arrivets 1976) 
Burkina (Poulain & Arrivets, 1973) 
Burkina (Dupont de Dinechin, 1968) 
Cameroun (Gigou, 1981; 1984) 
Cameroun (Gigou, 1986a; 1986b) 
Cameroun (Déat et al., 1976) 
Mali (Jenny. 1974) 
Senegal (Jacquinot, 1964) 
Senegal (Tourte et al., 1964) 
General (Euroconsult, 1989) 
YPI - 500 kg kg-1 
Pu (kg ha-1) 
Y (kg ha-1) 
6000




Australia (Myers, 1978a,b) 
USA (Maranville et al., 1980a) 
USA (Bennett et al., 1990) 
India (Roy & Wright. 1973, 1974) 
India (Babu & Singh, 1984a,b) 
India (Turkhede & Prasad, 1980) 
India (Singh & Bains, 1973) 
Sudan (Rai, 1965b) 
YPI - 500 kg kg-1 
10 20 
Pu (kg ha-1) 
Figure 6.6. Relation between total phosphorus content (Pu) and yield (Y), a) in West 
Africa and b) elsewhere; YPI = initial slope. 
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Benin (Dëat et al., 1976) 
Burkina (Arrivets 1976) 
Burkina (Dupont de Dinechin, 1968) 
Cameroun (Gigou, 1981; 1984; 1986a) 
Cameroun (Déat et al., 1976) 
Mali (Jenny, 1974) 
Senegal (Tourte et al., 1964) 
TKI - 200 kg kg-1 
j i | 
50 100 
Ku (kg ha-1) 
150 200 





D India (Roy & Wright, 
o India (Babu & Singh, 
4 USA (Bennett et al., 
— TKI - 200 kg kg-1 





Ku (kg ha-1) 
150 200 
Figure 6.7. Relation between total potassium content (Ku) and total aboveground dry 
matter (T), a) in West Africa and b) elsewhere; TKI = initial slope. 
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The value of K-content at maturity reported by Jacquinot (1964) is in relation to 
other values relative low, hence not included in Figure 6.7. This very low K-uptake is 
compensated by a relative high Ca and Mg uptake (Figure 6.8). 
T (kg ha-1) 
























/ o ? 










n Burkina Faso (Arrivets, 1976) 
o Burkina Faso (Dat et a l . , 1976) 
A Burkina Faso (Dupont de Dinechin 
+ Cameroun (Gigou, 1981; 1986a) 
x Mali (Jenny, 1974) 
» Senegal (Jacquinot, 1964) 
v Senegal (Tourte et a l . , 1964) 
> USA (Bennett et a l . , 1990) 
T - f\ÏO o. Q3 * f^AraxM«1i i 
I - -DO£ + O j vK+^o+rigjU 
(r = 0.85, n = 40) 
i . i 
1968) 
50 100 150 200 250 300 
(K+Ca+Mg)u (kg ha-1) 
Figure 6.8. Relation between the combined content of potassium, calcium and 
magnesium (K+Ca+Mg)u and total above-ground dry matter (T) in sorghum. Line 
represents average regression line. 
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6.5 Ratio phosphorus content to nitrogen content 
Minimum and maximum P/N ratios are graphically presented in Figure 6.9; the P/N 
of 0.10 is given as comparison with the optimum value in annual grasses (Penning de 
Vries et al, 1980). 
Pu (kg ha-1) 
50 100 
Nu (kg ha-1) 
150 
o Burkina Faso (Oupont 
de Oinechin, 1968) 
» Burkina Faso (Arrivets 
x Cameroun (Gigou, 1981; 
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o Senegal (Jacquinot, 1964) 
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• General (Euroconsult, 
P/N - 0.10 
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,*>" ^0^-^"^ 
i0l00-0r _ _ -
1 . 1 , 1 , 1 
Venezuela (Casanova & 
Solorzano, 1990) 
Australia (Myers, 1978a,b) 
USA (Maranville et al., 1980a) 
USA (Bennett et al., 1990) 
India (Roy & Wright, 1973, 1974) 
India (Babu & Singh, 1984a,b) 
India (Singh & Bains, 1973) 
Sudan (Rai, 1965b) 
P/Nmin - 0.06 
P/N - 0.10 
P/Nmax • 0.20 
50 100 
Nu (kg ha-1) 
150 200 
Figure 6.9. Relation between nitrogen and phosphorus content at maturity in 
aboveground biomass of sorghum, a) in West Africa and b) elsewhere. 
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6.6 Relations among relative post-anthesis nutrient uptake values of 






a Cameroon (Gigou. 1981:1984) 
a Burkina Faso (Arrivets, 1976) 
+ Senegal (Oacquinot, 1964) 
x Sudan (Rai, 1965b) 
o India (Roy & Wright, 1973) 
RPU - -0.09 * 1.41 RNU 
(r - 0.94, n . 16) 
J 
D Cameroon (Gigou. 1981; 1984) 
a Burkina Faso (Arrivets, 1976) 
• Senegal (Jacquinot, 1964) 
o India (Roy 5 Wright. 1973) 
RKU - -0.18 • 0.99 RNU 
r - 0.96, n • 14) 
a Cameroon (Gigou, 1981: 1984) 
4 Burkina Faso (Arrivets, 1976) 
• Senegal (Jacquinot, 1964) 
o India (Roy & Wright. 1973) 
— RKU • -0.13 * 0.72 RPU 
(r - 0.89, n - 14) 
-M=H J ' • i 
0.1 0.2 0.3 0.4 0.5 0.6 
Figure 6.10. Relationship between relative post-anthesis nutrient uptake in sorghum of 
a) nitrogen and phosphorus, b) nitrogen and potassium and c) phosphorus and 
potassium. Line represents average regression line. 
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Nigeria (Dupont de Dinechin, 1968) 
Senegal (Jacquinot, 1964; Blondel, 1971a) 
Burkina Faso (Arrivets, 1976) 
Mali (Jenny, 1974) 
Sudan (Rai, 1965a,b) 
Cameroon (Gigou, 1981, 1984) 
Cameroon (Déat et al., 1976) 
Australia (Myers, 1978a,b; Muchow, 1990) 
USA (Haranville et al.. 1980a) 
USA (8ennett et al., 1990) 
NHI - 0.21 + 1.1 HI 
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Nigeria (Dupont de Dinechin. 1968) 
Nigeria (Balasubramanian & Nnadi, 1981) 
Senegal (Jacquinot, 1964) 
Burkina Faso (Arrivets. 1976) 
Sudan (Rai. 1965b) 
Cameroon (Gigou, 1981, 1984) 
Cameroon (Déat et al., 1976) 
India (Singh & Bains. 1973) 
India (Seetharama et al., 1987) 
Australia (Myers, 1978a,b) 
USA (Maranville et al., 1980a) 
USA (Bennett et al., 1990) 
? (Tanaka, quoted by Duncan & Baligar, 1990) 
PHI - -0.22 + 1.54 NHI 




Figure 6.11. Relation beween a) harvest index and nitrogen hangest index and b) 
nitrogen harvest index and phosphorus harvest index of sorghum. Line represents 
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o Senegal (Jacquinot, 1964) 
A Senegal (Blondel, 1971a) 
o Burkina Faso (Arrivets, 1976) 
+ Cameroun (Gigou. 1981; 1984) 
v India (Singh & Bains. 1973) 
> USA (Bennett et al., 1990) 
x Australia (Muchow, 1990) 






India (Turkhede & Prasad, 1980) 
Australia (Myers, 1978b) 
Senegal (Jacquinot, 1964) 
Burkina Faso (Arrivets, 1976) 
Cameroun (Gigou, 1981; 1984) 
Sudan (Rai, 1965a) 
0.2 0.4 0.6 
RPU 
•+ O 
o Burkina Faso (Arrivets, 1976) 
a Senegal (Jacquinot, 1964) 
+ Cameroon (Gigou, 1981; 1984) 
_L 
0.2 0.4 0.6 
RKU 
Figure 6.12. Relation between relative post-anthesis nutrient uptake and nutrient 
harvest index in sorghum for a) nitrogen, b) phosphorus and c) potassium. 
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Additional data on relative nitrogen uptake (RNU), harvest index (HI) and nitrogen 
harvest (NHI) in sorghum are reported by Youngquist & Maranville (1992), but could 
not anymore be included in the analysis performed. 
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7. MAIZE 
Although maize has not been distinguished as a separate crop for the Fifth Region 
of Mali, but as part of vegetables (van Duivenbooden et al, 1991), maize has been 
included in this study for the purpose of future elaboration to other regions. 
7.1 Dry matter distribution 
Probability (%) 
100 r- West African maize (n = 115) 






Figure 7.1. Harvest index distribution of maize under different conditions. 
Sources West Africa: Arora & Juo. 1932: Balasubrumanian 4 Singh, 1932: Blondel. 197la: Bromfield. 1969: Choparl, 1990: Dupant de Dinechin. I96S: Canry. 1990: Jenny. 
1974: Jones, 1976:Kang & Yunusa. 1977: Kang & Osiname. 1979: Séné, 1989: Traoré. 1974: Vatsmann & Traori. 19S9: 
Elsewhere: Anderson et al.. 19S4b: 19SS: Beauchanip el at.. 1976: Dass & Singh. 1979: di Fonzo el al„ 19S2: Grove elal.. 1930; Jordan el al.. 1950: Karlen el al.. 1983: Lubet 
<S Juste, 1935: Mackay Jt Barber. 1936; Maddux el al„ 1991: ilehla <$ Singh. 1930; Moll et al.. 1937: Ofori it Stern. 1936; Kai, 1965a J>; Sayre, 1943: Sisworo el al., 
1990; Sparks el al„ 1930: Thakur el al.. 1990; Thiraporn el al„ 1933; Than <£ Waikin. 197S; Tournât & Saeed. 1990. 
Not included here, but for analysis of HI (Table 2.4) additionally used: Altlawat elal.. 1931; Atanasin et al.. 1973a: Loué. 1963; Mttcltow. 1939: Fieri. 1935. 
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7.2 Concentration of major elements 
Table 7.1. Minimum and maximum concentrations [g kg'1] of major elements in 
straw, grains and total above-ground biomass of maize at maturity; each 
line corresponds to one dataset (ea = et al.). 
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Ofori & Stern,'87 
Loué, 1963 
Euroconsult, 1989 
Sinclair & de 
Wit, 1975 
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Mehla & Singh, 
1980 
Thakur ea, 1990 
Totawat & Saeed, 
1990 





Rhoads & Stanley, 
1981 
Sayre, 1948 
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Lubet & Juste, 
1985 
Mehla & Singh, 
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Thakur ea, 1990 
Totawat & Saeed, 
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Schröder & Dilz, 
1987 
Sparks ea, 1980 
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Kang ea, 1977 
Ba1asubraman ian 
& Nnadi, 1981 
Dupont de 
Dinechin,1968 
Richard ea, 1989 
Loué, 1963 
Table 7.1. Continued. 
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Richard ea, 1989 
Richard ea, 1989 
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7.3 Three quandrant figures 
7.3.1 Nitrogen 
Y (kg ha-l) 
6000 p-
120 70 
Na (kg ha-l) 
Crop: Maize, TZAxTZB 
Location: South Nigeria 
Fertilizer: urea + P-K fert 
Source: Kang et al., 1977 
o without weeding 
- Nu - 7.3 • 0.90 Na 
o with weeding 
— Nu - 51.5 + 0.81 Na 
a 
Nu (kg ha-l) 
120 I-
Na (kg ha-l) 
D 




 • ' • ' ' * ' ' * ' • ' 
160 110 
Na (kg ha-l) 
60 
Crop: Maize, Tiémantië 
Location: Mali 
Fertilizer: 2 * urea 
Source: Traore, 1974 





Nu (kg ha-l) 
NÇ 
160 
Na (kg ha-l) 
• 
Figure 7.2. Relation between total nitrogen content (Nu) and yield (Y), that between 
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t • t I • • • • I 
180 130 80 30 
30 
Crop: Maize, No 3 
Location: Nigeria 
Fertilizer: Calcium ammonium nitrate 
Soil type: Fine sandy loam 
Source: Jones, 1973 
o 1969 
Nu - 63.3 + 0.75 Na 
o 1971 
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150 
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I i i i i I i i i 
180 
Na (kg ha-1) 
130 30 
Crop: Maize, Mexican June 
Location: Sudan 
Fertilizer: Ammonium sulphate 
Source: Rai. 1965a,b 
n P « 0 kg ha-1, sowing 7-7-61 
Nu - 46.0 + 0.47 Na 
o P - 37.4 kg ha-1, sowing 7-7-61 
Nu - 63.0 + 0.50 Na 






J - W 
O 
0> D 
Nu - 36.3 + 0.14 Na 
• P - 15.7 kg ha-1, sowing 13-8-61 Na (kg ha-1) 
Nu - 30.3 + 0.20 Na 










i I i. 
150 
Na (kg ha-1) 
100 50 
Crop: Malze, V1jay 
Location: India 
Fertilizer: 4 types of H + basic P 
Soil type: Loam 
Remarks: twice irrigated 
Source: Verra et al., 1972 
a Urea 
- Nu - 43.8 + 0.32 Na 
o Anmoniun sulphate 
— Nu - 44.7 + 0.33 Na 
• Aranonium sulphate nitrate 
— Nu - 46.9 + 0.46 Na 
• Calcium ammonium nitrate 
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Crop: Maize 
Location: Nigeria ioo (-
Fertilizer: average of urea & CAN 
Source: Balasubramanian & Singh, 1982 
° 1976-77
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— Nu - 33.0 + 0.70 Na 
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Figure 7.2. Continued. 
7.3.2 Phosphorus 
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Crop: Maize, Tiementie 
Location: Hall. Kita (1971) 
Source: Jenny, 1974 
a Chemical fertilizer 
- Pu - 1.5 + 0.33 Pa 
a 
o P-T11ems1 
Pu - 5.9 + 0.18 Pa 
15 20 
Pu (kg ha-1) 
Y (kg ha-1) 
4000 i-
50 30 
Pa (kg ha-1) 
Crop: Maize, Ti emeriti e 
Location: Mall, Kita (1971) 
Source: Jenny, 1974 
a Chemical fertilizer 
- P u - 3.5 + 0.31 Pa 
50 L-
Pa (kg ha-1) 
Figure 7.3. Relation between total phosphorus content (Pu) and yield (Y), that between 
phosphorus application (Pa) and phosphorus content, and that between phosphorus 
application and yield. 
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Y (kg ha-l) 
6000 r-
70 50 
Pa (kg ha-l) 
Crop: Malze, TZAxTZB 
Location: South Nigeria 
fertilizer: SSP + N-K fert. 
Source: Kang et al., 1977 
a without weeding 
- Pu - 2.7 + 0.33 Pa 
o with weeding 
— Pu - 17.7 + 0.23 Pa 
Pu (kg ha-l) 
70 




Pa (kg ha-l) 




I i i i 
20 10 
Crop: Maize, Mexican June 
Location: Sudan 
fertilizer: TSP 
Source: Rai, 1965b 
Sowing: 7-7-61 
a N - 0 kg ha-l 
— Pu - 5.0 + 0.06 Pa 
o N - 43 kg ha-l 
• - Pu - 6.9 + 0.14 Pa 
A N - 86 kg ha-l 
— Pu - 10.2 + 0.06 Pa 
+ N - 171 kg ha-l 









Pa (kg ha-l) 
Figure 7.3. Continued. 
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-40 -30 -20 -10 
Pa (kg ha-l) 
Crop: Maize, Mexican June 
Location: Sudan 
Fertilizer: TSP 
Source: Rai, 1965b 
Sowing: 13-8-61 
• N - 0 kg ha-l 
— P u - 2.6 - 0.03 Pa 
o N - 43 kg ha-1 
- P u - 5.0 - 0.01 Pa 
A N - 86 kg ha-1 
- P u - 5.2 - 0.01 Pa 
+ N - 171 kg ha-1 









Pu (kg ha-l) 
d-l-
Pa (kg ha-l) 
Figure 7.3. Continued. 
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7.3.3 Potassium 
Y (kg ha-l) 
6000 r-
Crop: Maize, TZAxTZB 
Location: South Nigeria 
Fertilizer: Muriate of potash + N-P fert. 
Source: Kang et al.. 1977 
a without weeding 
Ku - 15.6 + 4.39 Ka 
o with weeding 




Ku (kg ha-l) 
30 L 
Ka (kg ha-l) 
I i i i i I i i i i I i i i i I 1 1 







250 200 150 100 50 
Ka (kg ha-l) 
Crop: Maize 
Location: USA 
Fertilizer: KCl + basic N & P 
Source: Sparks et al., 1980 
a Greensville, 1977 
Ku - 71 • 0.17 Ka 
o Nottoway, 1977 





i I i I 
20 40 
250 
Ka (kg ha-l) 
• D 
•9 J 80 100 120 
\ \ 
Ku (kg ha-l) 
H 
Figure 7.4. Relation between total potassium content (Ku) and yield (Y), that between 
potassium application (KQ) and potassium content, and that between potassium 
application and yield. 
7.4 Nutrient content as related to yield 
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With respect to the initial Y/N-content and T/K-content, no differences can be 
observed between locations (Figures 7.5 and 7.7). For that of phosphorus, however, 
location and soil acidity play obviously a role (Figure 7.6). 
1 (kg ha-1) 
• Burkina Faso (Dupont de Dinechin, 1968) 
• Ivory Coast (Gigou I Chabalier, 1987) 
o Mali (Jenny, 1974; Traoré. 1974) 
« Nigeria (Bromfield. 1969; Eaglesham et al., 
* Nigeria (Agboola, 1980; Kang et al.. 1977) 
x Nigeria (Arora t Juo. 1982; Jones. 1973) 
• Nigeria (Singh et al., 1987) 
« Nigeria (Singh & Balasubramanian, 1983) 
v Nigeria (Balasubramanian & Singh, 1982) 
• Senegal (Blondel, 1971a) 
* Senegal (Ganry. 1990) 
— YNI - 70 kg kg-1 
1982) 
_J_ _1_ J 
150 
flu (kg ha-1) 
V (kg ha-1) 
2000 
0 USA (Rhoads S Stanley. 1981) 
o USA (Maddux et al.. 1991) 
4 USA (Moll et al., 1982; 1987) 
+ USA (Deckard et al., 1973) 
x USA (Bigeriego et al.. 1979) 
* Thailand (Thiraporn et al., 1983) 
» Australia (Ofori & Stern, 1987) 
• various (Pollmer et al., 1979) 
• various (Perry & Olson, 1975) 
• India (Verma et al.. 1972; Venia S Singh, 1991) 
o India (Totawat a Saeed, 1990; Ahlawat et a]., 1981) 
a India (Oass S Singh, 1979) 
+ India (Mehla i Singh, 1980; Thakur et al., 1990) 
x Sudan (Rai, 1965a.b) 
• Thailand (Thiraporn et al., 1983) 
o Indonesia (Sisworo et al., 1990) 
• Brazil (Grove et al., 1980) 
• Puerto Rico (Fox et al., 1974) 
v Australia (Thiagalingam et al., 1991; Ofori & Stern, 1987) 
• USA (Anderson et al., 1984b; Hol] et al., 1982; 1987) 
• USA (Beauchamp et al.. 1976) 
• various (Pollmer et al., 1979; Ahlawat et al.. 1981) 
• various (Bacon & Thompson, 1984; Perry & Olson. 1975) 
• General (FAO, 19B4) 
- YNI - 70 kg kg-1 
J_ l 
150 200 
Nu (kg ha-1) 
Figure 7.5. Relation between total nitrogen content (Nu) and yield (Y) of maize, a) in 
West Africa andb) elsewhere; YNI = initial slope. 
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o Sudan (Rai , 1965b) 
o Thailand (Thiraporn et al.. 1983) 
a India (Totawat i, Saeed. 1990: Dass 1 Singh, 1979) 
• India (Verma t Singh, 1991; Itehla S Singh, 1980) 
» India (Kapur l Sektion, 1977; Thakur et al., 1990) 
v Australia (ThiagaUngarn et al.. 1991) 
• Brazil, acid soil (Janssen et al., 1987) 
x France (Übet 1 Juste. 1985) 
— YPI - 400 kg kg-1 
— YPla • 600 kg kg-1 
20 
Pu (kg ha-1) 
Figure 7.6. Relation between total phosphorus content (Pu) and yield (Y) of maize, a) in 
West Africa and b) elsewhere; YPI = initial slope; YPla = initial slope for acid soils. 
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India (Thakur et al., 1990) 
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India (Oass & Singh, 1979) 
USA (Sayre, 1948) 
USA (Sparks et al., 1980) 
Peru (Versteegh, 1985) 
Suriname (Bakema, 1981; Slaats & Ukkerman, 
France (Loué, 1963; Lubet & Juste, 1985) 
TKI - 200 kg kg-1 
1983) 
50 100 150 
Ku (kg ha-1) 
200 250 300 
Figure 7.7. Relation between total potassium content (KJ and total aboveground dry 
matter (T) of maize, a) in West Africa and b) elsewhere; TKI - initial slope. 
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Burkina Faso (Dupont de Dinechin, 1968) 
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Senegal (Piéri, 1985) 
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Suriname (Bakema, 1981) 
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T = 515 + 71 * (K+Ca+Mg)u 
(r = 0.93, n = 27) 
j L 
50 100 150 200 
(K+Ca+Mg)u (kg ha-1) 
250 300 
Figure 7.8. Relation between the combined content of potassium, calcium and 
magnesium (K+Ca+Mg)u and total above-ground dry matter (T) in maize. Line 
represents average regression line. 
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7.5 Ratio phosphorus content to nitrogen content 
Minimum and maximum P/N ratios are graphically presented in Figure 7.9; the P/N 
of 0.10 is given as comparison with the optimum value in annual grasses (Penning de 
Vries et ai, 1980). 
8urkina Faso (Dupont de Dinechin, 1968) 
Mali (Jenny, 1974) 
Mali (Traoré. 1974) 
Nigeria (Agboola, 1980) 
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Nigeria (Singh & Balasubramanian, 1983) 
Senegal (Piéri, 1985) 
General (FAO, 1984) 
General (Euroconsult, 1989) 
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India (Dass & Singh, '79; Verma & Singh, '91) 
India (Mehla & Singh, 1980; Kapur & Sekhon, 1977) 
India (Totawat & Saeed, 1990) 
India (Thakur et al., 1990) 
Sudan (Rai, 1965b) 
Australia (ThiagaUngarn et al., 1991) 
France (Lubet & Juste, 1985) 
Thailand (Thiraporn et al., 1983) 
USA (Rhoads & Stanley, 1981) 
Philippines (de Datta, 1985) 
P/Nmin - 0.05 
P/N - 0.10 
P/Nmax - 0.25 
Nu (kg ha-1) 
Figure 7.9. Relation between nitrogen and phosphorus content at maturity in 
aboveground biomass of maize, a) in West Africa and b) elsewhere. 
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7.6 Relations among relative post-anthesis nutrient uptake values of 
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USA (Hanway. 1962: Mengel. 1979) 
USA (Peck & MacOonald, 1975) 
USA (Karlen et al., 1987; 1988) 
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USA (Rhoads & Stanley, 1981) 
Nigeria (Bromfield, 1969) 
Suriname (Bakema, 1981) 
France (Lubet & Juste, 1985) 
Egypt (Moustafa & Sheif-el-Yazal, 1980) 
India (Mehla & Singh. 1980) 
7 (Welch & Flannery. 1985) 
Peru (Versteegh, 1985) 
0.6 0.8 
Figure 7.10. Relationship between relative post-anthesis nutrient uptake in maize of a) 
nitrogen and phosphorus, b) nitrogen and potassium and c) phosphorus and potassium. 
Line represents average regression line. 
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Kang et al. 1977) 
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o Nigeria (Dupont de Oinechin, 1968 
A Mali (Jenny, 1974; Traoré, 1974) 
+ Sudan (Rai, 1965b) 
x India (Dass & Singh, 1979, Mehla & Singh. 1980) 
• Australia (Hanway, 1962; Thiagalingam et al., 1990) 
USA (Jordan et al., 1950; Sayre, 1948) 
France (Lubet & Juste. 1985) 
Thailand (Thiraporn et al., 1983) 
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Figure 7.11. Relation between a) harvest index and nitrogen hardest index and b) 











o France (Lubet t Juste. 1985) 
o India (Hehla I Singh, 1980) 
A Italy (di Fonzo et al., 1982) 
+ Ivory Coast (Gigou & Chabalier. 1987) 
x New Zealand (Thorn & watktn. 1978) 
« Senegal (Blondel. 1971a) 
• Sudan (Rai, 1965b) 
- USA (Anderson et al.. 1985: Bigeriego et al., 1979) 
• USA (Hay et al., 1953; Hanway, 1962: Sayre, 1948) 
v USA (Beachamp et al., 1976: Jordan et al.. 1950) 





o France (lubet S Juste. 1985) 
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+ USA (Hanway, 1962: Sayre. 1948) 
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» USA (Peck i HacDonald, 1975) 
Figure 7.12. Relation beween relative post-anthesis nutrient uptake and nutrient 
harvest index in maize for a) nitrogen, b) phosphorus and c) potassium. 
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8. RICE 
8.1 Dry matter distribution 
The probability curve of reported harvest indices (HI) for irrigated rice in Figure 
8.1, and average HI for deep-water (floating) rice is listed in Table 8.1. 
Probability (%) 
100 | - West African rice (n = 177) 
non-West African rice (n « 182) 
50% level 
0.1 0.2 0.3 0.4 
Harvest Index 
0.6 0.7 
Figure 8.1. Harvest index distribution of rice under different conditions. 
- Sources West Africa: Arora S Juo, 1972; Beye. 1973a. 1974: BUvidet. 1971aJ>: Bredero. 1966; Jenny, 1974: Koopmans. 1990: Sibwtd. 1972: Siband J< Diana, 1974; Traori, 
1974; 
Elsewhere: Agarwal. 1980; Deshpande el al„ 19S3; Fageria el at., 19S2: Carcta & Canity, 1991; Carriiy et ai.. 1990; Kondo el at., 1989; Koyama A Cliammek, 1971; 
hiahapatra & Fände, 1972; Majiimdar, 1973: Makarim el at.. 1991: Umlwsvaim el at., 1973; Palmer el at.. 1990; Reddy Ji Patrick. 1976; 197S; Saheb « al., 1990; 
Schnicr et al.. 1990; Singh & Mogaal, 1978,1979; Singh à Singh. l9S7a.b; S:sn«ro eial.. 1990; 
Not included here, bul for analysis of Ht (Table 24) additionally used: de Dana. 19S5: Sharina A Millra. 1991; Suns & Place. 1968: Tokunaga. 1991. 
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Table 8.1. Average harvest indices (grain/total aboveground biomass) 
and their range in floating rice in Mali, n: number of observations; 












































































8.2 Concentration of major elements 
With respect to the data in Table 8.2, the following remark may be made. The 
nutrient concentrations reported by Beye (1974, 1973b, 1973a) differ considerably from 
others. One of the reasons is that his results refer to an acid to very acid soil. As the 
soils in the Fifth region of Mali are not acid, these results are thus not taken into account 
for assessment of the minimum concentration. 
Table 8.2. Minimum and maximum concentrations [g kg'1] of major elements in 
straw, grains and total aboveground biomass of rice at maturity; each line 






























IKP, no fert. 
IKP, N-•fert. 
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Siband & Diatta, 
1974 
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Fageria ea, 1982 
Jun ea, 1991 
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Nair & Ayer, 1983 
Saheb ea,1990 
Singh & Modgal, 
1978 
Singh & M., 1978 
Thandapani & Rao, 
1974 
Palmer ea, 1990 




de Datta, 1985 
Garrity ea, 1990 
Garcia & Garrity, 
1991 
de Datta, 1981 
Yoshida, 1981 
Koyama & Chammek, 
1971 
Palmer ea, 1990 
these are P2O5 values in the article, but in comparison with 
all other data, considered as P values. ../. 
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Richard ea, 1989 
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de Datta & Mik-
kelsen, 1985 





Jun ea, 1991 
Jun ea, 1991 
de Datta & Mik-
kelsen, 1985 
de Datta, 1981 
Yoshida, 1981 
Sodium 
Senegal Richard ea, 1989 
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8.3 Three quandrant figures 
8.3.1 Nitrogen 
200 160 120 80 40 
Na (kg ha-1) 40 
80 
Crop: Rice, IR8 
Location: Kogoni, Mali, 1971 
Source: Traorë, 1974 
o 2 * urea 




Na (kg ha-1) 
40 a 
Nu (kg ha-1) 
200 160 120 80 40 
Na (kg ha-1) 
Crop: Rice, IR8 
Location: Richard-Toll, Senegal, 1968 
Source: Blondel, 1971b 
o urea 
— Nu - 32.0 • 0.56 Na 
• Anmonium phosphate 
- Nu - 32.0 + 0.62 Na 
• Super triple phosphate + urea 













80 120 160 
Nu (kg ha-1) 
Figure 8.2. Relation between total nitrogen content (Nu) and yield (Y), that between 
nitrogen application (Na) and nitrogen content, and that between nitrogen application 
and yield in rice. 
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Y (kg ha-1) 
4000 r-
100 80 60 40 20 
Na (kg ha-1) 
20 -
Crop: Rice, BG79 
Location: Nigeria, clayey soil (1958-1961) 40 Ç 
Source: Bredero, 1966 
o (NH4)2-S04 
— Nu - 32.8 + 0.17 Na 
o (NH4)2-S04 + 15.7 kg P ha-1 
- Nu - 36.3 + 0.17 Na 
A (NH4)2-S04 + 31.4 kg P ha-1 
— N u - 37.7 + 0.19 Na
 1 0 Q I-
Na (kg ha-1) 
60 -
80 -
i . , . , i . . , . ^-j. r , i , , . , i, 
10 20 30\ \|0 50 ou 
Nu (kg ha-l) 
Y (kg ha-1) 
3000 i-
Na (kg ha-1) 
Crop: Rice, BS79 
Location: Nigeria, sandy soil (1958-1961) 70 
Source: Bredero, 1966 
a (NH4)2-S04 
— Nu • 38.2 + 0.12 Na UQ 
o (NH4)2-S04 + 26.4 kg P ha-1 
- Nu - 39.0 + 0.08 Na 
A (NH4)2-S04 + 52.9 kg P ha-1 
— Nu - 41.8 + 0.08 Na 
Na (kg ha-1) 
50 60 
\ Nu (kg ha-1) 
Figure 8.2. Continued. 
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100 
Na (kg ha-1) 
• I • i • t • • • I • i i I • • i n t • • I • • • Q | • • • . I • 
80 60 40 20 • 10 20. 30 
20 
Crop: Rice, I Kong Pao (upland rice)
 40 i_ 
Location: Senegal, Casamance 
Source: Siband, 1972 
Fertilizer: PKS + 2 * N 6" 
a soil 1 
— Nu - 34.6 + 0.17 Na 
o soil 2 
- Nu - 18.6 + 0.38 Na-
100 i-
Na (kg ha-1) 
80 
—O-O-
* ' • • • • ' • 
40 50 
Nu (kg ha-1) 
• O 
Y (kg ha-1) 
270 220 170 120 70 
Na (kg ha-l) 
Crop: Rice, IR8 
Location: Australia 
Source: ßasinski & Airey, 1970 
Fertilizer: Ammonium sulphate drilled in soil 170 \-
Soil type: sandy clay 
a dry season 1968 
- N u - 26.0 + 0.70 Na 
270 •-
Na (kg ha-1) 
Figure 8.2. Continued. 
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O 
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Crop: Rice, I Kong Pao 
Location: Senegal, 1970 
Fertilizer: N + basic P, K & S 
Source: Siband & Olatta, 1974 
a Grey soil at Mayor 
— Nu » 39.6 + 0.59 Na 
o Red soil at Sodaica 
- Nu - 16.7 + 0.27 Na 
A Ochre soil at Dioulacolon 
— Nu - 13.1 + 0.17 Na 
70 
120 
Na (kg ha-1) 
0~ — O 
Y (kg ha-1) 
3000 
120 
Na (kg ha-1) 
Crop: Rice, I Kong Pao 
Location: Senegal, 1971 
Fertilizer: N + basic P, K & S 
Source: Siband & Diatta, 1974 
• Maniour II 
— Nu - 17.5 + 0.23 Na 
o Vél Ingara 
- Nu - 21.2 + 0.25 Na 
Na (kg ha-1) 
Figure 8.2. Continued. 
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Y (kg ha-1) 
2000 
50 25 
Na (kg ha-1) 
Crop: Rice, IDSA6 
Location: Ivory Coast, Tai, 1989 25 
Fertilizer type : N: urea, P:TSP, K: KCl 
Source: Koopnans, 1990 
a (50 kg N + 50 kg K) ha-1 
- N u - 34.0 + 0.10 Na 
o (50 kg N + 25 kg P) ha-1 
Nu • 34.0 + 0.40 Na 
10 20 30T 40 50 60 70 
50 1-
Na (kg ha-1) 
Nu (kg ha-1) 
Crop: Rice (rainfed) 
Location: Bouaké, Ivory Coast 
Source: Gigou & Chabalier, 1987 
Fertilizer: ? 
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• i I i 
70 20 
Crop: Rice, Padma & Bala 
Location: India 
Fertilizer: N (urea) + basic P, K 
Soil: Clay-loam 
Source: Singh & Hodgal, 1979 
o 1972 
— Nu - 34.4 + 0.22 Na 
o 1973 








Nu (kg ha-1) 
ha-1) 
Figure 8.2. Continued. 
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8.32 Phosphorus 
Y (kg ha-1) 
4000 
Pa (kg ha-l) 
Crop: Rice, BG79 
Location: Nigeria, clayey soil (1958-1961) 16 
Source: Bredero» 1966 
a SSP 
— Pu - 6.7 + 0.14 Pa 
o SSP + 50 kg N ha-1 
- Pu - 8.1 + 0.14 Pa 
t. SSP + 101 kg N ha-1 
— P u - 11.0 + 0.07 Pa 36 !-
26 
a 
\ \ Pu (kg ha-1) 
u 
ci à À 
Pa (kg ha-l) 




 • • • • ' ' • • • ' • ' • • ' • • • ' ' * 
Pa (kg ha-l) 
60 50 40 30 20 10 
10 
20 
Crop: Rice. BG79 
Location: Nigeria, sandy soil (1958-1961) 30 
Source: Bredero, 1966 
o SSP 40 
— P u - 6.3 • 0.04 Pa 
o SSP + 75 kg N ha-l 
Pu - 8.6 + 0.01 Pa 
t. SSP + 150 kg N ha-l 
Pu - 7.3 + 0.06 Pa 
60 
Pa (kg ha-l) 
J 
15 
Pu (kg ha-l) 
Figure 8.3. Relation between total phosphorus content (Pü) and yield (Y), that between 
phosphorus application (Pä) and phosphorus content, and that betVi>een phosphorus 
application and yield in rice. 
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Y (kg ha-1) 
45 35 
Pa (kg ha-l) 
Crop: Rice. T(N)1 
Location: Senegal, very acid soll 
Fertilizer: Triple superphosphate 
Source: Beye, 1973a 
a 1970 
— Pu - 2.9 • 0.21 Pa 
o 1970-71 
- Pu - 2.6 + 0.22 Pa 
A 1971 
— Pu - 1.3 + 0.17 Pa 
45 l-
Pa (kg ha-1) 
Y (kg ha-1) 
O--
_o-
45 35 25 
Pa (kg ha-1) 
Crop: Rice, T(H)1 
Location: Senegal, very acid soil 
Fertilizer: Amonlum phosphate 
Source: Beye, 1973a 
a 1970 
— Pu » 2.9 • 0.28 Pa 
o 1970-71 
- Pu - 2.6 • 0.24 Pa 
& 1971 
— Pu • 1.3 + 0.24 Pa 
Figure 8.3. Continued. 
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45 35 25 
Pa (kg ha-1) 
Crop: Rice. T(N)1
 l5 
Location: Senegal, very acid soll 
Fertilizer: Blcalclum phosphate 
Source: Beye, 1973a 25 |-
n 1970 
— Pu - 2.9 + 0.29 Pa 
o 1970-71 35 
- Pu - 2.6 • 0.18 Pa 
A 1971 
— Pu - 1.3 + 0.22 Pa 
Pa (kg ha-1) 
45 
_ i • • i t i • • • • I I 
'• V \ 5 10 15 
Pu (kg ha-1) 
Y (kg ha-1) 
45 35 25 15 
Pa (kg ha-1) 
Crop: Rice. T(H)1 
Location: Senegal, very acid soil 
Fertilizer: Trlcalclun phosphate Talba 25 
Source: Beye, 1973a 
a 1970 
— Pu - 2.9 + 0.05 Pa 35 
o 1970-71 
- Pu - 2.6 + 0.16 Pa 
A 1971 45 
— P u - 1.3 + 0.11 Pa 
Pa (kg ha-1) 
Figure 8.3. Continued. 
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Y (kg ha-1) 
Crop: Rice. T(N)1 
Location: Senegal, very add soll 
Fertilizer: Thomas slag 
Source: Beye. 1973a 
o 1970 
- Pu - 2.6 + 0.17 Pa 
A 1971 
— P u - 1.3 + 0.19 Pa 
Y (kg ha-1) 
Crop: Rice. T(N)1 
Location: Senegal, very acid soil 
Fertilizer: Taloa 
Source: Beye, 1973a 
a 1970 
— Pu - 2.9 + 0.06 Pa 
o 1970-71 
- Pu - 2.6 + 0.14 Pa 
A 1971 
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Figure 8.3. Continued. 
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Y (kg ha-1) 
45 35 25 15 
Pa (kg ha-1) 
Crop: Rice. T(N)1 
Location: Senegal, very add soll 
Fertilizer: Phosphal 
Source: Beye, 1973a 
a 1970 
— P u - 2.9 + 0.10 Pa 
o 1970-71 
- Pu - 2.6 + 0.15 Pa 
A 1971 
— Pu - 1.3 + 0.17 Pa 
• ' • • • • ' 1 
10 15 
Pu (kg ha-1) 
220 180 140 100 60 
Pa (kg ha-1) 
Crop: Rice, IR8 
Location: R1chard-Toll, Senegal, 1968 ioo 
Source: Blonde], 1971b 
o urea 
— Pu - 9.2 + 0.004 Pa 
• Amonlun phosphate 
- Pu - 9.2 + 0.08 Pa 
• Super triple phosphate + urea 
— P u - 22.7 - 0.01 Pa 
Figure 8.3. Continued. 
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Crop: Rice, I0SA6 
Location: Ivory Coast, Tai, 1989 
Fertilizer: N: urea, P: TSP, K: KCl 
Source: Koopmans, 1990 
ü (25 kg P + 50 kg N) ha-1 
— P u - 2.0 + 0.07 Pa 
o (25 kg P + 50 kg K) ha-1 
- Pu - 2.0 + 0.08 Pa 
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Figure 8.3. Continued. 
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8.3.3 Potassium 
Ka (kg ha-1) 
Crop: Rice. T(N)1 
Location: Senegal, add soil 
Fertilizer: NP + Potassium chloride 45 
Source: Beye, 1974 
a 1969-70, no straw application 
— Ku - 145 + 0.72 Ka 
o 1969-70, straw application 
- Ku - 226 + 0.29 Ka 
A 1970, no straw application 
— Ku - 24 • 0.27 Ka 
+ 1970, straw application Ka (kg ha-1) 
— Ku - 61 • 0.58 Ka 
a 
Ku (kg ha-1) 
Y (kg ha-1) 
O — -_ 
• .6000^ [• 
I 1 1 1 
85 
Ka (kg ha-1) 
65 45 
Crop: Rice. T(N)1 
Location: Senegal, add soil 
Fertilizer: MP + Potassium chloride 
Source: Beye, 1974 
a 1970-71, no straw application 
— Ku - 61 + 0.27 Ka 
o 1970-71, straw application 
• - Ku - 76 + 0.25 Ka 
& 1971, no straw application 
— Ku - 37 + 0.13 Ka 
+ 1971. straw application 
— Ku - 89 + 0.01 Ka 
J_1_I 
85 1-
Ka (kg ha-1) 
Figure 8.4. Relation between total potassium content (Ku) and yield (Y), that between 
potassium application (Ka) and potassium content, and that between potassium 
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85 65 45 25 
Ka (kg ha-1) 
25 -
Crop: Rice. T(N)1 
Location: Senegal, acid soil
 45 i_ 
Fertilizer: NP + Potassium chloride 
Source: Beye, 1974 
1972, no straw application
 65 
Ku - 119 + 0.19 Ka 
1972, straw application 
Ku - 149 • 0.20 Ka
 85 
Ka (kg ha-1) 
50 
D 
I Ku (kg ha-1) 
Q — i 
250 200 
Ka (kg ha-1) 
Crop: Rice. 1632 
Location: Madagascar 
Fertilizer: NP + K-fertilizer 
Soil type: unknown 
Source: Velly. 1972 
• 1968, first year 
— Ku - 19.4 + 0.31 Ka 
o 1968-69 
• - Ku - 22.6 + 0.58 Ka 
A 1969 
— Ku - 20.3 + 0.63 Ka 
Ku (kg ha-1) 
250 <-
Ka (kg ha-1) 
Figure 8.4. Continued. 
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Crop: Rice, Sentani 
Location: Indonesia 
Fertilizer: KCl + basic N 
Soil: oxisol 
Source: Gill & Kamprath, 1990 
a 1984-85 
— Ku - 18 + 0.68 Ka 
o 1985-86 







50 Q 1"° 150 20° 250 
250 
Ka (kg ha-1) 
Ku (kg ha-1) 
-a 
Figure 8.4. Continued. 
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8.4 Nutrient content as related to yield 
+ + 
+ a) WEST AFRICA 
o Ivory Coast (Koopnans, 1990) 
o Mali (Traoré, 1974; Jenny, 1974) 
a Nigeria (Bredero, 1956) 
x Nigeria (Arora S Juo, 1982) 
• Senegal (Blondel, 1971b) 
» Senegal (Slondel. 1971a) 
« Senegal (Siband. 1972) 
• Senegal, acid soil (Beye. 
• Senegal, acid soil (»AT, 
• Senegal. (Siband S Diatta. 
• General (Euroconsult, 1989: FAO. 1984) 












" b) REST OF THE HORLD 
o Australia (Basinski & Airey, 1970) 
o Australia (Humphreys et al., 1987) 
A India (Singh S Nogdal, 1979) 
+ India (Bhushan & Singh, 197S) 
x India (Agarwal, 1980; Majumdar. 1973) 
« India (Singh S Singh. 1987; Saheb et al.. 1990) 
• India (Mahapatra & Pande, 1972; Sharma S Mittra, 1991) 
• Indonesia (Sisworo et al... 1990; Hakarim et al., 1990) 
fr Indonesia (Oaradjat et al., 1991) 
v Philippines (Schnier et al., 1990; de Datta. 1985) 
• China (Jun et al., 1991) 
• Thailand (Koyama & Chammek, 1971) 
• USA (Reddy S Patrick, 1976; 1978; Sims S Place. 1968) 
— YNI - 80 kg kg-1 
100 
Nu (kg ha-1) 
CD 
200 
c) DEEP HATER RICE 
• Thailand (Puckridge et al. 
— YNI • 80 kg kg-1 
1991) 
100 150 
Nu (kg ha-1) 
Figure 8.5. Relation beween total nitrogen content (NJ and yield (Y) of lowland and 
upland rice, a) in West Africa, b) elsewhere and c) of deep water rice; YNI = initial 
slope. 
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In the relationship yield/P-content, less phosphorus per unit grain produced has 
been taken up on acid soils than on a non acid soil (Figure 8.6), in constrast to the same 
relation for nitrogen (Figure 8.5). 
Potassium is also further diluted in rice on acid soils than on other soil types (Figure 
8.7). 





Ivory Coast (Koopmans, 1990) 
Mali (Traorê, 1974; Jenny, 1974) 
Nigeria, acid soil (Bredero, 1966) 
Senegal (Blondel, 1971b) 
Senegal (Siband, 1972) 
Senegal, acid soil (IRAT, 1975) 
Senegal, acid soil (Beye, 1973b;1974) 
General (Euroconsult. 1989; FAO, 1984) 
YPI - 850 kg kg-1 
10 20 
Pu (kg ha-1) 
30 









India (Singh & Modgal, 1978) 
India (Bhushan & Singh, 1979; Agarwal, 1980) 
India (Majumdar, 1973; Singh & Singh, 1987) 
India (Saheb et al., 1991: Mahapatra & Pande, 1972) 
Thailand (Koyama & Chamnek, 1971) 
China (Jun et al., 1991) 
Asia (Palmer et al., 1990; Garrity et al., 1990) 
Phillipines (Garcia & Garrity, 1991; de Datta, 1985) 
Brazil, acid soil (Fageria et al., 1982) 
Madagascar (Janssen et al., 1987) 
YPI - 850 kg kg-1 
_j I i 
10 20 
Pu (kg ha-1) 
30 
Figure 8.6. Relation between total phosphorus content (Pu) and yield (Y), a) in West 
Africa and b) elsewhere; YPI = initial slope. 
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O 
AA 
o Ivory Coast (Koopmans, 1990) 
o Mali (Traoré. 1974; Jenny, 1974) 
a Nigeria (Bredero, 1965, 1966) 
+ Senegal (Blondel, 1971b) 
x Senegal (Siband, 1972) 
» Senegal (Siband & Diatta, 1974) 
• Senegal, acid soil (8eye, 1974) 
TKI - 140 kg kg-1 
TKIa = 240 kg kg-1 
_L 
50 100 150 200 250 300 
Ku (kg ha-1) 






India (Singh & Hodgal, 1978) 
India (Agarwal, 1980) 
India (Saheb et al.. 1990) 
India (Mahapatra & Pande, 1972) 
Thailand (Koyama & Chamnek, 1971) 
Brazil (Fageria et al., 1982) 
USA (Sims & Place, 1968) 
Japan (Tokunaga, 1991) 
Philippines (de Datta, 1985) 
China (De-Yin & Bao, 1985) 
TKI - 200 kg kg-1 
J_ 
50 100 150 200 
Ku (kg ha-1) 
250 300 
Figure 8.7. Relation between total potassium content (KJ and total aboveground dry 
matter (T) a) in West Africa and b) elsewhere; TKI = initial slope; TKIa = initial slope 
on acid soils. 
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86 * (K+Ca+Mg)u 
i = 8) 
1985) 
50 100 150 200 250 
(K+Ca+Mg)u (kg ha-1) 
300 350 400 
Figure 8.8. Relation between the combined content of potassium, calcium and 
magnesium (K+Ca+Mg)u and total above-ground dry matter (T) in rice. Line 
represents average regression line. 
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8.5 Ratio phosphorus content to nitrogen content 
Minimum and maximum P/N ratios are graphically presented in Figure 8.9; the P/N 
of 0.10 is given as comparison with the optimum value in annual grasses (Penning de 
Vries et al, 1980). 












Ivory Coast (Koopmans, 1990) 
Mali (Traorë, 1974: Jenny, 1974) 
Nigeria, acid soil (Bredero, 1966) 
Senegal (Blondel, 1971b) 
Senegal (Siband, 1972) 
Senegal, acid soil (Beye, 1974) 
General (Euroconsult, 1989; FA0, 1984) 
P/Nmin - 0.04 
P/N - 0.10 
P/Nmax » 0.30 
Nu (kg ha-1) 
Pu (kg ha-1) 
V 
V 
India (Singh & Modgal, 1978; 1979) 
India (Bhushan & Singh, 1979; Agarwal, 1980) 
India (Majumdar. 1973; Deka & Singh, 1984) 
India (Singh & Singh, 1987; Saheb et al., 1990) 
India (Mahapatra & Pande, 1972) 
Thailand (Koyama & Chammek, 1971) 
Brazil, acid soil (Fageria et al. 
China (Jun et al., 1991) 
Philippines (de Datta, 1985) 
P/Nmin - 0.04 
P/N - 0.10 
P/Nmax - 0.31 
1982) 
50 100 
Nu (kg ha-1) 
150 200 
Figure 8.9. Relation between nitrogen and phosphorus content at maturity in 
aboveground biomass of rice, a) in West Africa and b) elsewhere. 
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8.6 Root nutrient content related to shoot nutrient content 
The nitrogen and phosphorus content of roots is related to that of shoots, as 
illustrated in Figure 8.10. Unfortunately, such detailed data are scarce, hence, root 
nutrient content is calculated on an empirical basis in NUREQ. 







D C P D D 
1 -
D India (Singh & Singh. 1987) 
G D 
J i i i L - i i — i i I L . 
20 40 60 80 100 
Nu-shoot (kg ha-1) 






0.41- nnnD e n o o 
GD a India (Singh & Singh, 1987) 
0.2 - an 
I I ' * ' I I I I 1 I • • I 
10 15 
Pu-shoot (kg ha-1) 
Figure 8.10. Root nitrogen (a) and phosphorus (b) content as function of that of the 
shoot. 
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8.7 Relations among relative post-anthesis nutrient uptake values of 
N, P and K 
RPU 
0.6
 r o Thailand (Koyana & Chamnek, 1971) 
o India (Gupta t 0'Toole. 1986) 
x India (Agarwa 1,1980) 
» Senegal (Blondel. 1971b) 
» Brazil (Fageria et al., 1982P 
— RPU - 0.03 * 0.« RNU 
(r - 0.71, n - 28) 
o Thailand (Koyana S Chaimek, 1971) 
• India (Gupta a 0'Toole, 1986) 
x India (Agarwa1.1980) 
» Senegal (Blondel. 1971b) 
y Brazil (Fageria et al., 1982) 





o Thailand (Koyana S Chaimek, 1971) 
D India (Gupta S 0'Toole. 1986) 
x India (Agarwal.1980) 
e Senegal (Blondel. 1971b) 








Figure 8.11. Relationship between relative post-anthesis nutrient uptake in rice of a) 
nitrogen and phosphorus, b) nitrogen and potassium and c) phosphorus and potassium. 
Line represents average regression line. 













0.3 0.4 0.5 
HI 
Senegal (Blondel, 1971a: Beye, 1974) 
Senegal (Siband, 1972) 
Senegal (Siband & Diatta, 1974) 
Nigeria (Bredero, 1966) 
Mali (Jenny, 1974; Traoré, 1974) 
India (Agarwal. 1980; Majumdar, 1973) 
India (Mahapatra & Pande, 1972) 
USA (Reddy & Patrick, 1976; 1978) 
various (Singh & Modgal, 1978; 1979) 
various (Singh & Singh, 1987; Muthuswamy, 1973) 
various (de Datta. 1981, 1985) 
various (Sisworo et al., 1990; Sharma & Mittra, 1991) 
various (Yoshida, 1981) 
NHI = 0.11 + 1.11 HI 
(r - 0.77, n - 169) 
_L J 
0.6 0.7 0.8 
Nigeria (Bredero, 1966; Bala. & Nnadi, 1981) 
Mali (Jenny, 1974; Traoré, 1974) 
Senegal (Beye, 1974; Siband, 1972) 
India (Majumdar, 1973) 
India (Bhushan & Singh, 1979) 
India (Agarwal, 1980) 
India (Mahapatra & Pande, 1972) 
India (Muthuswamy, 1973) 
various (Duncan & Baligar, 1990; Imai, 1991) 
various (Singh & Modgal, 1978; 1979) 
various (Singh & Singh, 1987) 
various (de Oatta, 1981; 1985; Yoshida, 1981) 
PHI - -0.41 + 1.62 NHI 
(r =• 0.60, n - 140) 
NHI 
Figure 8.12. Relation between a) harvest index and nitrogen harvest index and b) 












0 . 4 ^ 
A Australia (Humphreys et al., 1987) 
a Ivory Coast (Gigou & Chabalier, 1987) 
Ij o Senegal (Blondel. 1971a) 
J_ 











a India (Agarwal 
l , l 
1980) 
0.2 0.4 0.6 
RPU 
G China (De-Yin & Bao, 1985) 
o ? (De Datta & Hikkelsen, 1985) 
a India (Agarwal, 1980) 
A
 ^ è ^ A 
• 
j _ 
0.2 0.4 0.6 
RKU 
Figure 8.13. Relation between relative post-anthesis nutrient uptake and nutrient 
harvest index in rice for a) nitrogen, b) phosphorus and c) potassium. 
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9. WHEAT 
Although wheat is not a major crop in West Africa, it is included for the puipose of 
comparison and its importance as a world-wide staple crop. 











West African irrigated wheat (n = 20] / y 
non-West African wheat (n = 271) j s 
























0.1 0.2 0.3 0.4 0.5 0.6 
Harvest Index 
Figure 9.1. Harvest index distribution of wheat under different conditions. 
Sources West Africa: Balasubrai/ianian A Singh. 19S2: 
Elxwhtrt: Atanasiu el at.. 1978b: Bisltop i McEachern. 1971: BoaMrighi A Haus, /So/; Cox el ai.. 19S5: Eilrich & Hagamn. 1973: Ellen & Spiert:, 1975. 1980: Groot. 
1987: Hamid. 1973: Hamid A Sarwar. 1977: Kheiawal et al.. 1972: Lal el al.. 1978: Malmal. 1990: McNeal et al.. 1966: Orplianos •& Kratos. 1980: Paccaud el al., 
1985: Prasad et al., 19S5: ftac: et al.. 1965: Singh et al.. 19S0: Spiert; A Ellen. 197»: Spiert: & Vos. 1983: Talati el al., 1974: Thorne et al., 1988: Verstraelen é\ Livens. 
1975: Woodruff. 1972: 
Nol included here, but for analysis of Hl (Table 2.4) additionally used: Black et at.. 1946: Lai & Shurim. 1974:Rulpli <i Ridgntan, 1981 : Papakosta A. Gagianas. 1991: Wuest 
& Cassinan. 1992b. 
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9.2 Concentration of major elements 
Table 9.1. Minimum and maximum concentrations [g kg'1] of major elements in 
straw, grains and total aboveground biomass of wheat at maturity; each line 
corresponds to one dataset (ea = et al.). 













































































































































Thorne ea, 1988 
Gasser & Thorn-
burn, 1972 
Page ea, 1977 
Dyke ea, 1982 
Barraclough, 1986 
Khetawat ea, 1972 
Ahlawat ea, 1981 
Lai & Sharma,1974 
Lai & Sharma,1974 
Singh ea, 1974 
Ellen & Spiertz, 
1980 
Spiertz & Ellen, 
1978 
Eilrich & Hageman 
1973 
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Cassman ea, 1992 















































































































































































Thorne ea, 1988 
Gasser & Thorn-
burn, 1972 
Page ea, 1977 
Dyke ea, 1982 
Barraclough, 1986 
Khetawat ea, 1972 
Lai & Sharma,1974 
Lai & Sharma,1974 
Singh, 1962 
Singh ea, 1971 
Singh ea, 1971 
Singh ea, 1974 
Spiertz & Ellen, 
1978 
Hamid & Sarwar, 
1977 
Racz ea, 1965 
6.3 6.9 Singh & Balasu-
bramanian, 1983 
Balasubramanian 






































































































































































































Thorne ea, 1988 
Ralph & Ridgman, 
1981 
Ralph & Ridgman, 
1981 
Ralph & Ridgman, 
1981 




Page ea, 1977 
Dyke ea, 1982 
Barraclough, 1986 
Chambers, 1953a 
Khetawat ea, 1972 
Lai & Sharma,1974 
Lai & Sharma,1974 
Talati ea, 1974 
Singh ea, 1974 







& Nnadi, 1981 
Ralph & Ridgman, 
1981 
Ralph & Ridgman, 
1981 








& Nnadi, 1981 
. . . / . 
Table 9.1. Continued. 
181 







Nigeria 1.2 Balasubramanian 
& Nnadi, 1981 
Sodium 
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Crop: Wheat 
Location: India, New Delhi 
Fertilizer: Urea 
Source: Sharma & Prasad, 1980 
o Residual effect of urea to rice, 1974 
Nu = 48.8 + 0.10 Na 
o Residual effect of urea to rice, 1975 
Nu = 74.8 + 0.10 Na 
A Direct effect of urea to wheat, 1974 
Nu = 35.4 + 0.54 Na 
+ Direct effect of urea to wheat, 1975 
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Crop: Wheat, i r r igated 
Location: Nigeria 
Fe r t i l i ze r : average of urea & CAN 
Source: Balasubrananian & Singh, 1982 
D 1975-76 
Nu » 25.8 + 0.39 Na 
o 1976-77 
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_|_ 
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Figure 9.2. Relation between total nitrogen content (Nu) and yield (Y), that between 
nitrogen application (Na) and nitrogen content, and that between nitrogen application 
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Fertilizer: no basic 
Source: Atanasiu et al. 
D Superphosphate 
- Pu = 10.2 + 0.15 Pa 
o Rhenania-phosphate 
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Figure 9.3. Relation between total phosphorus content (Pü) and yield (Y), that between 
phosphorus application (Pa) and phosphorus content, and that between phosphorus 










' • ' • 
60 40 20 




Location: Great Britain 
Fertilizer: Muriate of potash + basic P 
Source: Ralph & Ridgman, 1981 
o + 75 kg ha-1 N 
- Ku - 48.5 + 0.11 Ka so _ 
o + 125 kg ha-1 N 
— Ku - 60.8 + 0.08 Ka 
ann&° 
I I I I 1 
10 20 30 40 10 6° 70 a 





Ka (kg ha-1) 








- 1 • I J-JL. 
60 40 20 
Ka (kg ha-1) 
Crop: Wheat, 
Location: Great Britain 
Fertilizer: Muriate of potash + basic P 
Source: Ralph & Ridgman, 1981 
Ü + 75 kg ha-1 M 
- Ku - 46.5 + 0.12 Ka 
o + 125 kg ha-1 N 





_L I • I r I gil
 tQ I 
10 20 30 40 j50\ 60 70 
I \ Ku (kg ha-1) 
I \ 
» \ 
Ka (kg ha-1) 
Figure 9.4. Relation between total potassium content (KJ and yield (Y), that between 
potassium application (Ka) and potassium content, and that between potassium 
application and yield in rice. 
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9.4 Nutrient content as related to yield 
In the relation yield/N-content, no lacations differences occur (Figure 9.5), but in 
the one for phosphorus (Figure 9.6), differences are obvious. However, for West 
African conditions only limited information was available, for the relation toal 
aboveground biomass/K-content, only data outside West Africa were available (Figure 
9.7). 





D Nigeria (Singh & Balasubramanian, 1983) 
o Nigeria (Balasubramanian & Singh, 1982) 
- YNI - 65 kg kg-1 
50 100 150 
Nu (kg ha-1) 
200 250 300 
cm 
India (Singh et al., 1971; Lal & Sharma. 1974) 
India (Verma & Singh. 1991; Maliwal, 1990) 
India (Khetawat et al.. 1972 
Netherlands (Groot, 1987) 
Netherlands (Spiertz & Ellen 
Netherlands (Ellen & Spiertz 
Great Britain (Gregory et al 
8elgium (Verstraeten & Livens 
Shanna & Prasad, 1980) 
1983) 1978; - & de Vos. 
1975; 1980) 




Cyprus (Orphanos & Krentos, 1980) 
Greece (Papakosta & Gaganias. 1991) 
Israel (Van Keulen & Seligman, 1987) 
USA (Cassroan ea, 1992; Jones ea, 1981) 
USA (Black. 1946; 1970; Eilrich & Hageman, 
Canada (Bishop & HacEachern, 1971) 
Australia (Woodruff, 1972; Whitfield & Smith, 1992) 
various (Khalifa et al., 1977; Bairathi et al., 1974; Kapur & Sekhon, 
various (Hamid, 1973; Paccaud et al., 1985; Racz et al., 1965) 
General (Euroconsult, 1989) 
YNI - 65 kg kg-1 
1977) 
50 100 150 200 250 300 
Nu (kg ha-1) 
Figure 9.5. Relation between total nitrogen content (Nu) and yield (Y), a) in West Africa 
and b) elsewhere; YNI = initial slope. 
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a Nigeria (Singh & Balasubramanian, 1983) 
- YPI - 160 kg kg-1 
_|_ 
10 20 
Pu (kg ha-1) 
30 40 






Netherlands (Spiertz & Ellen, 1978) 
Netherlands (Ellen & Spiertz, 1975) 
Great 8ritain (Thorne et al., 1988) 
India (Lal & Sharma. 1974) 
India (Vena & Singh, 1991; Prasad et al., 1985) 
India (Khetawat et al., 1972; Singh et al., 1971) 
India (Bairathi et al.. 1974; Kapur & Sektion, 1977) 
Pakistan (Hamid & Sarwar, 1977) 
Canada (Bishop & MacEachern, 1971) 
USA (Sanders et al., 1991; Black, 1970) 
USA (Racz et al., 1965) 
Turkey (Atanasiu et al., 1978b) 
Syria (Matar & Brown, 1989) 
General (FA0, 1984) 
General (Euroconsult, 1989) 
YPI - 480 kg kg-1 
j I 
10 20 
Pu (kg ha-1) 
30 40 
Figure 9.6. Relation between total phosphorus content (Pu) and yield (Y), a) in West 
Africa and b) elsewhere; YPI = initial slope. 
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India (Khetawat et al., 1972; Lal & Sharma. 1974) 
India (Talati et al., 1974) 
Netherlands (Spiertz & Ellen, 1978) 
Netherlands (Ellen & Spiertz, 1975) 
Great Britain (Thorne et al., 1988) 
Great Britain (Page et al., 1977; Gregory et al., 
Great Britain (Ralph & Ridgeman, 1981) 
Cyprus (Orphanos & Krentos, 1980) 
TKI - 170 kg kg-1 
1979) 
50 100 150 
Ku (kg ha-1) 
200 250 
Figure 9.7. Relation between total potassium content (Ku) and total aboveground dry 
matter (T) outside West Africa; TKI = initial slope. 
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Great Britain (Chambers, 1953a) 
Great Britain (Chambers, 1953b) 
Great Britain (Page et al., 1977) 
Great Britain (Gregory et al., 1979) 
Great Britain (Dyke et al., 1983) 
Great Britain (Barradough, 1986) 
T = 2086 + 71 (K+Ca+Mg) 
(r = 0.96, n = 29) 
100 200 
(K+Ca+Mg)u (kg ha-1) 
300 
Figure 9.8. Relation between the combined content of potassium, calcium and 
magnesium (K+Ca+Mg)Ll and total above-ground dry matter (T) in wheat. Line 
represents average regression line. 
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9.5 Ratio phosphorus content to nitrogen content 
Minimum and maximum P/N ratios are graphically presented in Figure 9.9; the P/N 
of 0.10 is given as comparison with the optimum value in annual grasses (Penning de 
Vries et ai, 1980). 
Pu (kg ha-1) 




a Nigeria (Singh & Balasubramanian, 1983) 
— P/N - 0.10 
J_ 
P/Nmax - 0.25 
J i L i 
50 100 150 200 250 300 
Nu (kg ha-1) 
Pu (kg ha-1) 
40 r 
A 
a India (Verma & Singh. 1991; Deka & Singh. 1984) 
o India (Khetawat et al., 1972) 
Ä India (Lal & Sharma, 1974; Singh et al., 1971) 
> India (Bairathl et al.. 1974; Kapur & Sektion. 1977) 
+ Netherlands (Spiertz & Ellen. 1978; Ellen & Spiertz, 1975) 
x Great Britain (Thorne et al., 1988) 
o Great Britain (Page et al., 1977; Gregory et al., 1979) 
v Canada (Bishop & HcEachern, 1971; Warder et al., 1963) 
> USA (Black, 1970; Racz et al., 1965) 
P/Nmin - 0.09 
P/N - 0.10 
P/Nmax - 0.30 
Nu (kg ha-1) 
Figure 9.9. Relation between nitrogen and phosphorus content at maturity in 
aboveground biomass of wheat, a) in West Africa and b) elsewhere. 
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9.6 Relations among relative post-anthesis nutrient uptake values of 
N, P and K 
RPU 
Great Britain (Thome et al., 1988) 
Great Britain (Knowles & Watkin, 1931) 
Great Britain (Gasser & Thornburn, 1972) 
Great Britain (Page et al., 1977; Gregory et al., 1979) 
Netherlands (Spiertz & Ellen, 1978) 
Netherlands (Ellen & Spiertz, 1975) 
Netherlands (Haschhaupt. 1922) 
Germany (Remy, 1933) 
USA (Boatwright & Haas, 1961; Racz et al., 1965) 
USA (Waldren & Flowerday, 1979) 
India (Singh, 1962) 
RPU - 0.04 + 0.95 RNU 
(r - 0.91, n - 43) 
_ J I i 




Great Britain (Thorne et al., 1988) 
Great Britain (Knowles & Watkin, 1931) 
Great 8ritain (Gasser & Thornburn, 1972) 
Great Britain (Page et al., 1977) 
Great Britain (Gregory et al., 1979) 
Netherlands (Spiertz & Ellen, 1978) 
Netherlands (Ellen & Spiertz, 1975) 
Germany (Remy, 1933) 
USA (Waldren & Flowerday, 1979) 
RKU - -0.06 + 0.46 RNU 










D Great Britain (Thorne et al., 1988) 
o Great Britain (Knowles & Watkin, 1931) 
A Great Britain (Gasser & Thornburn, 1972) 
7 Great Britain (Page et al., 1977) 
> Great Britain (Gregory et al., 1979) 
+ Netherlands (Spiertz & Ellen, 1978) 
+ Netherlands (Ellen & Spiertz, 1975) 
o Germany (Remy, 1933) 
> USA (Waldren & Flowerday. 1979) 
0.1 0.2 0.3 0.4 0.5 0.6 
RPU 
Figure 9.10. Relationship between relative post-anthesis nutrient uptake in wheat of a) 
nitrogen and phosphorus, b) nitrogen and potassium and c) phosphorus and potassium. 
Line represents average regression line. 
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n Belgium (Verstraeten & Livens, 1975) 
o Netherlands (Ellen & Spiertz, 1975; 1980) 
A Netherlands (Groot, 1987; Spiertz & Ellen, 1978) 
Netherlands (Spiertz & de Vos, 1983) 
A+.f^xjA #« ftß + Great Britain (Thorne et al., 1988) 
• VAA^^VX
 A AS 0 x Swit2erland (paccaud et al., 1985) 
0.7 - O V ' • v # X X X • o Australia (Woodruff, 1972) 
X •' • v USA (Boatwright 4 Haas. 1961) 
• 
USA (Cox et al., 1985; McNeal et al., 1966) 
USA (Cassman et al., 1992; Racz et al., 1965) 
# • ' > Canada (Bishop & HacEachern, 1971) 
0.6 (- • A Pakistan (Hamid, 1973) 
• • • • India (Lal et al., 1978; Khetawat et al., 1972) 
• India (Maliwal, 1990; Lal & Sharma, 1974) 
various (Ahlawat et al., 1981; Eilrich & Hageman.1973) 
I 















o Nigeria (Singh S Balasubramanian, 1983) 
o USA (Boatwright & Haas, 1961) 
à. USA (Racz et al.. 1965) 
x Netherlands (Ellen & Spiertz, 1975) 
o Netherlands (Spiertz & Ellen, 1978) 
v Great Britain (Thorne et al., 1988) 
> India (Khetawat et al., 1972; Lal & Sharma, 1974) 
• various (Balasubramanian & Nnadi, 1981; Duncan & Baligar, 1990) 
0.3 0.5 0.7 0.9 
NHI 
Figure 9.11. Relation between a) harvest index and nitrogen harvest index and b) 







o Netherlands (Spiertz S Ellen. 1978) 
o Netherlands (Spiertz S de Vos. 1983) 
& Netherlands (Ellen S Spiertz, 1975: 1980) 
• Netherlands (Groot. 1987) 
x Swltserland (Paccaud et al., 1985) 
» Great Britain (Thorne et al., 1988) 
• Greece (Papakosta & Gagianas, 1991) 
• India (Lal et al.. 1978) 
v USA (Boatwright s Haas. 1961: Cassman et a l . , 1992) 
• USA (Cox et al., 1985) 
• various (Waldren S Flowerday. 1979: Johnston k Fowler, 1991) 







V O A* 
• Netherlands (Spiertz S Ellen. 1978) 
o Netherlands (Ellen S Spiertz. 1975) 
A Great Britain (Thorne et al., 1988) 
• USA (Boatwright & Haas, 1961) 
x USA (Waldren i Flowerday. 1979) 
• various (Mohamed & Harshall, 1979) 
KHI 
0.4 
O Netherlands (Spiertz 1 Ellen, 1978) 
o Netherlands (Ellen & Spiertz. 1975) 
D * Great Britain (Thorne et al., 1988) 
_ D x USA (Waldren S Flowerday. 1979) 
Figure 9.12. Relation between relative post-anthesis nutrient uptake and nutrient 
harvest index in wheat for a) nitrogen, b) phosphorus and c) potassium. Line represents 
average regression line. 
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10. FONIO 
Experiments with fonio are limited available and relevant information for definition 
of fonio production techniques has been summarized by Gosseye (van Duivenbooden et 
a/., 1991, p.76-84). 
10.1 Dry matter distribution 
Table 10.1. Average harvest indices (grain/total aboveground biomass) 
and their range in fonio. n: number of observations; each line corres-














































As very limited data were available and because fonio easily shatters its grain at 
maturity, harvest index is relatively low and has been set arbitrarily at 0.15. 
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10.2 Concentration of major elements 
Table 10.2. Minimum and maximum concentrations [g kg'1] of major 
elements in straw, grains and total aboveground biomass of fonio; 
each line corresponds to one dataset (ea = et al.). 
COUNTRY STRAW GRAINS SOURCE 


















quotations by Cissé, 1975 











Busson quoted by Cissé, 197 5 
RFMC, 1980 
Potassium 
Mali 2.8 Busson quoted by Cissé, 1975 
Calcium 
General 0.7 RFMC, 1980 
Sodium 
Mali 0.2 Busson quoted by Cissé, 197 5 
Magnesium 
Mali 0.9 Busson quoted by Cissé, 197 5 
With respect to the data in Table 10.2, the following remarks may be made. The 
minimum N-concentration in straw of 8.6 g kg-1 (Göhl, 1982) seems relatively high 
compared to those in millet and sorghum straw. The nutritional value of fonio straw, 
however, is considered superior to that of millet. Hence, in this study the minimum N-
concentration is set at 5.0 g kg"1. Moreover, the N-concentration in grains reported by 
RFMC (1980) is considered too low, a value of 12.3 g kg"1 being applied, which in 
combination with the applied minimum P-concentration (that of millet, due to absence 
of data) results in an acceptable P/N ratio. As data on P-and K-concentrations in fonio 




11.1 Dry matter distribution 
Results on dry matter distribution are presented as average (and ranges) of 
experiments (Table 11.1). Fruit harvest indices (FHI = grain+podshells to total 
aboveground biomass) are listed in Table 11.2 and the grain fruit ratio (GFR = grains to 
grains+podshells) in Table 11.3. 
Table 11.1. Average harvest indices (grain/total aboveground biomass) 
and their range in groundnut, n: number of observations; each line 







































































































Table 11.2. Average fruit-harvest indices (FHI, (grain+podshells)/ 
total aboveground biomass) and their range in groundnut, n: number 




























































































































CVS . * 
1972 











Ouattara ea, 1989 


















Bertrand ea, 1972 
Nabos ea, 197 4 









Bockelee quoted by 
Piéri, 1983 






') dry season with irrigazion .../ . 
Table 11.2. Continued. 
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COUNTRY 















































Tourte ea, 1964 









Table 11.3. Grain-fruit ratio (GFR = grains/(grains+podshells)) of 
groundnut, n: number of observations ; each line corresponds to one 
data set (ea = et al.). 
COUNTRY 
































Target yield of groundnut comprises both grains and podshells, as the product is 
generally sold unshelled. As no simulation model has been used for this crop, stover 
production is based on fixed fruit harvest indices for extensive and semi-intensive 
systems of 0.45 and 0.50, respectively. The grain-fruit ratio is set at 0.70. 
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11.2 Concentration of major elements 
With respect to data on nutrient concentrations in groundnut (Table 11.4), the P-
concentration in straw reported by Gillier (1964) seems too low compared to the N-
concentration, hence the value reported by Piéri (1979) has been applied. 
Table 11.4. Minimum and maximum concentrations [g kg'1] of major elements in 
stover, grains and podshells of groundnut; each line corresponds to one 

















- NP fert. 








- NP fert. 

































































































































































Bertrand ea, 1972 
Piéri, 1989 
Ndiaye, 1978 
Richard ea, 1989 
Balasubramanian 





Sinclair & de 
Wit, 197 5 







Bertrand ea, 1972 
Piéri, 1989 
Ndiaye, 1978 
Richard ea, 1989 
Balasubramanian 
& Nnadi, 1981 
Bromfield, 1973 
Bromfield, 1975 
Mason ea, 1986a,b 
RFMC, 1980 
./.. 
Table 11.4. Continued. 
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& Nnadi, 1981 
Mason ea, 1986a,b 
Potassium 
Senegal - fertilizer 
+ fertilizer 
- NP fert. 
+ NP fert. 
Nigeria 
Colombia incl. shells 
Calcium 




















































































































Bertrand ea, 1972 
Piéri, 1989 
Ndiaye, 1978 
Richard ea, 1989 
Balasubramanian 





Bertrand ea, 1972 
Piéri, 1989 
Ndiaye, 1978 
Richard ea, 1989 
Balasubramanian 
& Nnadi, 1981 
Pouzet, 1974 
Bertrand ea, 1972 
Balasubramanian 
& Nnadi, 1981 
Bromfield, 1973 
Bromfield, 1975 
Richard ea, 1989 
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11.3 Three quandrant figures 
11.3.1 Nitrogen 
Y (kg ha-1) 
Crop: Groundnut 
Location: Senegal, 1964 
Source: Gil lier, 1964 
o Louga 
— Nu . 38.2 + 2.49 Na 
• Tilirakha 
- Nu - 51.9 + 3.44 Ka 15 I-
Na (kg ha-1) 
i—j a 
Nu (kg ha-1) 
• NK (heavy soi l) 
Nu - 81.7 + 2.64 Na 
15 
Na (kg ha-1) 
Crop: Groundnut 
Location: Sine Saloum, Senegal 
Source: Tourte et al., 1971 
o NK (light soil) 
- N u - 77.0 + 1.33 Ka 
10 
Na (kg ha-1) 
Figure 11.1. Relation between total nitrogen content (Nu) and yield (Y), that between 
nitrogen application (Na) and nitrogen content, and that between nitrogen application 
and yield. 
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Y (kg ha-1) 
15 
Na (kg ha-1) 
Crop: Groundnut 
Location: Louga, Senegal 
Source: Tourte et al., 1971 
o NK (light soil) 
— Nu - 48.5 + 0.63 Na 
• NK (heavy soil) 
- Nu - 51.0 + 0.69 Na 15 >-
Na (kg ha-1) 
Y (kg ha-1) 
Crop: Groundnut 
Location: East Senegal 
Source: Tourte et al., 1971 
o NK (light soil) 
— Nu - 79.0 + 3.33 Na 
• NK (heavy soil) 
- Nu - 82.0 + 4.25 Na 
10 L-
Na (kg ha-1) 
100 120 
\v Nu (kg ha-1) 
Figure 11.1. Continued. 
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Na (kg ha-1) 
Crop: Groundnut 
Location: Bambey, Senegal 
Fertilizer: Urea 
Source: Ganry, 1990 
a Application at sowing 
— N u - 112.5 + 0.57 Na 
o Application at 3 weeks 
- Nu - 112.7 + 0.53 Na 
A Application at 6 weeks 
— Nu - 111.5 + 0.50 Na 
\ Nu (kg ha-1) 
120 L-
Na (kg ha-1) 
Na (kg ha-1) 
Crop: Groundnut 
Location: Bambey, Senegal 
Source: Ganry, 1990 
o Urea at sowing 
— Nu - 109.8 - 0.17 Na 
o Urea at sowing and at 3 weeks 
- Nu - 112 + 0.17 Na 
A N-lignine at sowing 
— Nu - 112 - 0.80 Na 
+ Inoculation of grains or soil (n-7) 
+ Nu - 112 - 0.27 Na 
Nu (kg ha-1) 
Na (kg ha-1) 
Figure 11.1. Continued. 
11.32 Phosphorus 
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Y (kg ha-1) 
Pa (kg ha-1) 
Crop: Groundnut 
Location: Louga, Senegal, 1964 
Source: Gil lier, 196* 
o NP 
- Pu . 1.8 + 0.30 Pa 
a 
Pu (kg ha-1) 
6 I-
Pa (kg ha-1) 
15 
Pa (kg ha-1) 
Crop: Groundnut 
Location: Senegal (light soils) 
Source: Tourte et al., 1971 
a Louga 
— Pu - 3.9 + 0.08 Pa 
o Sine Saloum 
- Pu - 6.2 + 0.05 Pa 
A East Senegal 
— Pu - 6.1 + 0.17 Pa 
Pu (kg ha-1) 
Figure 11.2. Relation between total phosphorus content (Pu) and yield (Y), that 
between phosphorus application (Pa) and phosphorus content, and that between 
phosphorus application and yield. 
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11.3.3 Potassium 
Y (kg ha-l) 
2000 r-
- O O d> 
I i I • ' 
1000 -
80 60 40 20 
Ka (kg ha-l) 
Crop: Groundnut 
Location: Bambey, Senegal, 1973 
Source: Piêri, 1979 
Remarks: K% of pods+gra1ns set at 1.37% 
o NPK 




J i I 
20 40 60\ 80 100 
Ku (kg ha-l) 
80 
Ka (kg ha-l) 
a 
Y (kg ha-l) 
2000 r-
80 60 
Ka (kg ha-l) 
Crop: Groundnut 40 
Location: Bambey, Senegal, 1974 
Source: Plêri, 1979 
o NPK 
— Ku • 25.4 + 0.10 Ka 
• NPK + straw 
- Ku - 30.0 • 0.52 Ka 
80 
Ka (kg ha-l) 
v Ku (kg ha-l) 
Figure 11.3. Relation between total potassium content (Ku) and yield (Y), that between 
potassium application (KQ) and potassium content, and that between potassium 
application and yield. 
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Y (kg ha-1) 
80 60 
Ka (kg ha-1) 
Crop: Groundnut 
Location: Bantoey, Senegal, 1975 W \-
Source: P1ê>1, 1979 
Remark: K* pods-fgrains set at 1.37* 
o NPK 60 
- Ku • 22.9 + 0.55 Ka 
• NPK + straw 
- Ku - 42.8 + 0.70 Ka on 
Ka (kg ha-1) 
80 60 
Ka (kg ha-1) 
Crop: Groundnut 40 
Location: Bambey, Senegal, 1976 
Source: Piëri, 1979 
o NPK 
— Ku - 18.7 + 0.33 Ka 
• NPK + straw 
- Ku - 33.9 + 0.34 Ka 
80 •-
Ka (kg ha-1) 
Figure 11.3. Continued. 
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80 60 
Ka (kg ha-1) 
Crop: Groundnut 
Location: Bambey, Senegal, 1977 
Source: Piéri, 1979 
Remark: K% pods+grains set at 1.37% 
o NPK 
— Ku - 33.9 + 0.24 Ka 
• NPK + straw 
- Ku - 47.6 + 0.28 Ka 
80 I-
Ka (kg ha-1) 
Y (kg ha-1) 
Crop: Groundnut 
Location: Thilmakha, Senegal. 1964 
Source: Gillier, 1964 
o NK 
— Ku - 12.4 • 0.31 Ka 25 "-
Ka (kg ha-1) 
Figure 11.3. Continued. 
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11.4 Nutrient content as related to yield 
The relation yield/N-content is illustrated in Figure 11.4. The nitrogen sources have 
been quantified in Table 11.5. For phosphorus, the relation yield/content is illustrated in 
Figure 11.5. The relation total aboveground biomass/K-content is presented in Figure 
11.6. Due to time restriction no comparison has been made with experiments outside 
West Africa. 






Niger (Bertrand et al., 1972) 
Niger (Hafner et al.. 1992) 
Nigeria (Jones, 1973) 
Senegal (Ganry, 1990) 
Senegal (Ndiaye, 1978) 
Senegal (Piëri, 1979; 1983) 
Senegal (Tourte et al., 1971) 
Senegal (Tourte et al., 1964) 
Senegal (Pouzet. 1974) 
Senegal (RFMC, 1980) 
Senegal (Gillier, 1964) 
General (Euroconsult, 1989; FAO. 
YNI » 30 kg kg-1 
1984) 
50 100 150 
Nu (kg ha-1) 
200 250 
Figure 11.4. Relation beween total nitrogen content (Nu) and yield of grains plus 
podshells (Y) of groundnut in West Africa; YNI = initial slope. 
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Table 11.5. Total dry matter production and nitrogen uptake (kg 
ha'1) by groundnut and its N-sources (%) by fixation (Fix), from 
fertilizer (Fert) and soil. • = unkno'^n. 
DMtot DMgrain Nu 
1 420 74 































































a) precipitation sufficient; 
b) precipitation low and unfavourable distribution; 
c) with lime; 
°-) w i t h f a r m y a r d m a n u r e ; 
e ) a v e r a g e o f 6 i n o c u l a t e d v a r i e t i e s + 1 b l a n k . 









Niger (Nabos et a l . . 1974) 
Niger (Bertrand et a l . , 1972) 
Nigeria (Jones, 1973) 
Nigeria (Bromfield, 1975) 
Senegal (Ndiaye, 1978) 
Senegal (Piér i , 1983) 
Senegal (Tourte et a l . . 1964; 1971) 
Senegal (Gil l ier , 1964) 
Senegal (Pouzet, 1974) 
Senegal (RFMC, 1980) 
General (Euroconsult. 1989; FAO, 1984) 
YPI = 470 kg kg-1 
10 15 
Pu (kg ha-1) 
Figure 11.5. Relation between total phosphorus content (Pu) and yield (Y) of groundnut 
in West Africa; YPI = initial slope. 
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• Senegal (Gillier, 1964) 
o Senegal (Pouzet 
A Senegal (Ndiaye 
+ Senegal (Piéri, 
x Senegal (Cissé, 
o Senegal (Piéri. 
v Senegal (Tourte 









20 40 60 80 100 
Ku (kg ha-1) 
Figure 11.6. Relation between total potassium content (KjJ and total aboveground dry 
matter (T) of groundnut in West Africa; TKI = initial slope. 
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11.5 Ratio phosphorus content to nitrogen content 
Minimum and maximum P/N ratios are graphically presented in Figure 11.7; the 
P/N of 0.10 is given as comparison with the optimum value in annual grasses (Penning 
de Vries et ai, 1980). 
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1 1 1 1 
Benin (Déat et al.. 1976) 
Niger (Bertrand et al.. 1972) 
Nigeria (Jones, 1973) 
Senegal (Gillier, 1964) 
Senegal (Pouzet, 1974) 
Senegal (Ndiaye, 1978) 
Senegal (Cissé, 1988) 
Senegal (Piéri, 1983) 
Senegal (RFMC, 1980) 
Senegal (Tourte et al., 1964) 
P/Nmin = 0.04 
P/Nmax = 0.10 
50 100 150 
Nu (kg ha-1) 
200 250 
Figure 11.7. Relation between nitrogen and phosphorus content at maturity in 
aboveground biomass of groundnut in West Africa. 
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12. COWPEA 
12.1 Dry matter distribution 
Results on dry matter distribution are presented on the basis of simulation results as 
the relation grain to straw (Figure 12.1) and as average (and ranges) of experiments 
(Table 12.1). Fruit harvest indices (FHI) are listed in Table 12.2 and the grain fruit ratio 
(GFR) in Table 12.3. 




a B1.2-so11, intensive systems 
a Cl-soH. intensive system 
A C2-so1l. intensive systems 
B1.2-S011, extensive & semi-intensive systems 
Stover - 300 • 3.0 • Grain 
Cl-soii, extensive & semi-intensive systems 
Stover - 200 • 2.0 • Grain 
C2-S011, extensive & semi-intensive systems 
-« Stover • 300 * 2.8 * Grain 
1000 
Grains (kg ha-1) 
Straw (kg ha-1) 
4000 
o F1-S011, intensive systems 
o 0-SO11. intensive systems 
Stover - 175 • 2.5 * Grain 
Fl-soll, extensive S semi-intensive systems 
- -• Stover - 50 * 2.7 * Grain 
0-soll, extensive 4 semi-Intensive systems 
— « Stover - 90 • 2.8 * Grain 
1000 
Seeds (kg ha-1) 
Figure 12.1. Simulated relationship of cowpea stover and grain production for 
intensive production systems and estimated relationship for extensive and semi-
intensive production systems. 
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Table 12.1. Average harvest indices (grain/total aboveground biomass) 
and their range in cowpea. n: number of observations; each line corre-



























































































































































CSIRO 45581 *) 
CSIRO 57317 *) 


















































Bationo ea, 1991 
Awonaike ea, 1990 




Ojehomon, 197 0 
Ojehomon, 197 0 
Balasubramanian & 
Nnadi, 1981 
Ofori £= Stern, 1987 
Ofori & Stern, 1986 




Chang & Shibles, 1985 
Bansal & Singh, 1975 
Huxley, 1980 
Minchin ea, 1976 
Minchin ea, 1976 
Eaglesham ea, 1977 




Ofori & Stern, 1986 
Ofori U Stern, 1986 
') farmers fields 
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Table 12.2. Average fruit-harvest indices (FHI, (grain+podshells)/total 
aboveground biomass) and their range in cowpea. n: number of observa-

































Nnadi ea, 1976 
Eaglesham ea, 1982a 
Jacquinot, 19 67 
Huxley, 1980 
Eaglesham ea, 1977 
Table 12.3. Grain-fruit ratio (GFR = grains/(grains+podshells)) of cow-
pea, n: number of observations; each line corresponds to one data set 













































































































Have rman, 1986 































5 pot exp. 
1 pot exp. 
7 pot exp. 




Eaglesham ea, 1977 
Minchin ea, 1976 
Minchin ea, 191S 
*) farmers fields 
Target yield of cowpea comprises only grains, as the product is generally sold 
shelled. The production of podshells is calculated on the basis of a fixed grain-fruit ratio 
of 0.60 and 0.70 for extensive and intensive systems, respectively. 
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12.2 Concentration of major elements 
Table 12.4. Minimum and maximum concentrations [g kg'1] of major elements in 
stover, grains and podshells of cowpea; each line corresponds to one 
dataset (ea = et al.). 









































































pot exp. IV7 6 
pot exp. IV201 






























































































































Fox ea, 1977 
Okaiyeto, 1984 
Evans ea, 1977 
Evans ea, 1977 
Evans ea, 1977 
Nnadi ea, 1976 
Evans & Boulter, 
1974 
Reddy ea, 1992 
Jacquinot, 1967 
Richard ea, 1989 
Ofori & Stern, 
1987 
Ofori & Stern, 
1986 
Chapman & Muchow, 
1985 
Sinclair & de 
Wit, 197 5 
Purseglove, 1975 
Skerman ea, 1988 
RFMC, 1980 
Euroconsult, 1989 
Sisworo ea, 1990 
Sisworo ea, 1990 
Huxley, 1980 
Dart ea, 1977 




Warrag & Hall, 
1984 
. . ./. 
Table 12.4. Continued. 
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3 cv. 22 
Senegal 4 cv. 8 
Colombia incl.podshells 











































Fox ea, 1977 
Nnadi ea, 197 6 
Jacquinot, 1967 
Richard ea, 1989 
Mason ea, 1986b 
Chang & Shibles, 
1985 





Fox ea, 1977 
Nnadi ea, 1976 
Jacquinot, 1967 
Mason ea, 1986b 














































Fox ea, 1977 
Nnadi ea, 1976 
Richard ea, 1989 





Fox ea, 1977 
Nnadi ea, 1976 
Richard ea, 1989 































































Fox ea, 1977 
Fox ea, 1977 
Evans ea, 1977 
Evans ea, 1977 
Evans ea, 1977 
Evans & Boulter, 
1974 
Jacquinot, 1967 
Richard ea, 1989 




With respect to the data in Table 12.4, the following remarks may be made. As the 
nutrient concentrations in cowpea varieties vary considerably (e.g. Jacquinot, 1967) and 
the variety of cowpea grown in the Fifth Region in Mali is unknown, the minimum 
values have been adopted arbitrarily. In addition, as the K-concentration of the various 
plant organs always exceeds that of groundnut, the minimum K-concentration has been 
set at twice that of groundnut. 
217 
123 Three quadrant figures 
12.3.1 Phosphorus 
Yield (kg ha-1) 
5000 
Crop: Cowpea 
Location: IARI, India 
Source: Prasad et al.. 1985 
a 1 * Triple.superphosphate 
- Pu - 7.3 + 0.13 Pa 
15 i-
Pa (kg ha-1) 
Figure 12.2. Relation between total phosphorus content (Pu) and yield (Y), that 
between phosphorus application (Pa) and phosphorus content, and that between 
phosphorus application and yield. 
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12.3.2 Sulphur 
Y (kg ha-1) 
Sa (kg ha-1) 
Crop: CoMpea 
Location: Fashola, Nigeria 
Source: Fox et a 1 . , 1977 
Q S + 40N + 40P (except blank) 
- Su - 1.0 + 0.40 Sa 
a 
Su (kg ha-1) 
5 t -
Sa (kg ha-1) 
Figure 12.3. Relation between total sulphur content (S») and yield (Y), that between 
sulphur application (Sa) and sulphur content, and that between sulphur application and 
yield. 
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12.4 Nutrient content as related to yield 
The relation yield/N-content is illustrated in Figure 12.4. The nitrogen sources have 
been quantified in Table 12.5. For phosphorus, the relation yield/content is illustrated in 
Figure 12.5. The relation total aboveground biomass/K-content is presented in Figure 
12.6. 
Y (kg ha-1 
+X 
a Senegal (Jacquinot, 1967) 
o Nigeria (Nnadi et al., 1976) 
A Nigeria (Eaglesham, 1982a.b) 
+ Nigeria (Awonaike et al.. 1990) (uninoculated) 
x Nigeria (Awonaike et al., 1990) (inoculated) 
— ÏNI - 32 kg kg-1 
Nu (kg ha-1) 
r (kg ha-1) 
D Australia (Chapman & Kuchow, 1985) 
o Australia (Ofori & Stern. 1987) 
a Australia (Ofori S Stern, 1986) 
•» Costa Rica (Chang S Shibles, 1985) 
x Colombia (Mason et al., 1986a,b) 
» Indonesia (Sisworo et al., 1990) 
» unkown (Sunmerf ield et al., 1983) 
• General (RFNC, 1980) 
— YNI - 32 kg kg-1 
i I i 
100 
Nu (kg ha-1) 
200 
Figure 12.4. Relation between total nitrogen content (Nu) and yield (Y) ofcowpea a) in 
West Africa and b) elsewhere; YNI = initial slope. 
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Table 12.5. Total dry matter p roduc t ion and nitrogen content (kg ha'*) 
of cowpea and its N-sources (%) by fixation (Fix) from fertilizer CFert,! 





























































































Awonaike ea, 1990 
Awonaike ea, 1990 









Bayopadhyay & De, 1986 
Huxley, 1980 
Sisworo ea, 1990 
Sisworo ea, 1990 
Sisworo ea, 1990 
Sisworo ea, 1990 
Y (kg ha-1 
3000 
2000 -
1000 - OO^HO Senegal (Jacquinot, 1967) 
Nigeria (Nnadi et a l . , 1976) 
Costa Rica (Chang & Shibles. 1985) 
Colombia (Mason et a l . , 1986a,b) 
unknown (Summerfield et a l . , 1983) 
General (RFMC, 1980) 
YPI = 300 kg kg-1 
_L 
10 15 
Pu (kg ha-1) 
20 25 
Figure 12.5. Relation between total phosphorus content (Pu) and yield (Y) of cowpea; 
YPI = initial slope. 
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O 
• Senegal (Jacquinot, 1967) 
o Nigeria (Nnadi et al., 1976) 
- TKI •= 80 kg kg-1 
50 100 
Ku (kg ha-1) 
150 200 
Figure 12.6. Relation between total potassium content (Ku) and total aboveground dry 
matter (T) ofcowpea; TKI = initial slope. 
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12.5 Ratio phosphorus content to nitrogen content 
Minimum and maximum P/N ratios are graphically presented in Figure 12.7; the 
P/N of 0.10 is given as comparison with the optimum value in annual grasses (Penning 
de Vries et al., 1980). 
ha-l) 
D Senegal (Jacquinot, 1967) 
o Nigeria (Nnadi, 1976) 
& Costa Rica (Chang & Shibles. 1985) 
+ Colombia (Mason et al., 1986a,b) 
x General (RFMC, 1980) 
P/Nmin = 0.07 
P/N = 0.10 
P/Nmax = 0.57 
50 100 
Nu (kg ha-l) 
Figure 12.7. Relation between nitrogen and phosphorus content at maturity in 
aboveground biomass of cowpea in West Africa. 
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13. BAMBARA GROUNDNUT 
Bambara groundnut is not a major crop in the Fifth Region of Mali, but as it has a 
high monetary value is may form a good alternative crop. 
13.1 Dry matter distribution 
Results on dry matter distribution are presented, due to limited data, only as fruit 
harvest indices (FHI, Table 13.1) and grain fruit ratios (GFR, Table 13.3). 
Table 13.1. Average fruit-harvest indices (FHI, (grain+podshells)/total 
aboveground biomass) and their range in bambara groundnut, n: number of 
observations; each line corresponds to one data set (ea = et al.). 
COUNTRY FHI range n REMARKS SOURCE 
Mali 0.18 0.05-0.28 7 7 var. Hulet, 1983 
Nigeria 0.49 1 Nnadi ea, 1976 
Table 13.2. Grain-fruit ratio (GFR = grains/(grains+podshells)) of 
bambara groundnut, n: number of observations; each line corresponds to 
one data set. 
COUNTRY GFR range n REMARKS SOURCE 
General 0.67 1 Purseglove, 1974 
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13.2 Concentration of major elements 
Table 13.3. Minimum and maximum concentrations [g kg'1] of major ele-
ments in stover, grains and podshells of bambara groundnut ; each line 
corresponds to one dataset (ea = et al.). 
COUNTRY REMARKS STRAW GRAINS PODSHELLS SOURCE 















Nnadi ea, 1976 
Göhl, 1982 
Potassium 






Nnadi ea, 1976 
Göhl, 1982 
Magnesium 
Nigeria 4.9 1.8 Nnadi ea, 1976 
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14. COTTON 
Although cotton has not been distinguished as a separate crop for the Fifth Region 
of Mali, cotton has been included in this study for the purpose of future elaboration to 
other regions. However, due to time restrictions, literature has less been investigated. 
14.1 Dry matter distribution 
Table 14.1. Average harvest indices (seeds/total aboveground biomass) 
and their range in cotton, n: number of observations; each line corre-
























































Déat ea, 1976 
Gigou, 1986a 
Gigou, 1986a 
Dubernard quoted by 
Poulain, 1980 




Déat ea, 1976 
Balasubramanian & 
Nnadi, 1981 
Atanasiu ea, 1978b 
14.2 Concentration of major elements 
With respect to the data in Table 14.2, the following remarks may be made. The 
lowest nutrient concentrations reported by Déat et al. (1976) seems too low in 
comparison with other data, hence the nearest lowest values have been adopted. 
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Tail« 14.2. Minimum and maximum concentrations [g kg'1] of major elements in 
stover (stalks and leaves) and seeds (including lint) of cotton; each line 
corresponds to one dataset (ea = et al.). 
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. . ./. 
Table 14.2. Continued. 
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14.3 Three quadrant figures 
14.3.1 Phosphorus 
8 8 
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Crop: Cotton 
Location: Turkey 
Fertilizer: no basic 
Source: Atanasiu et al. 
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- Pu - 5.8 + 0.10 Pa 
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Figure 14.1. Relation bekeen total phosphorus content (Pu) and yield (Y), that 
between phosphorus application (Pa) and phosphorus content, and that between 
phosphorus application and yield. 
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14.4 Nutrient content as related to yield 






Cameroun (Gigou, 1986a) 
Cameroun (Déat et al., 1976) 
Ivory Coast (Déat et al., 1976) 
Benin (Déat et al., 1976) 
General (Euroconsult, 1989) (seed) 
General (FAO, 1984) (seed+lint) 
YNI =47 kg kg-1 
50 100 
Nu (kg ha-1) 
150 200 
Figure 14.2. Relation beween total nitrogen content (Nu) and yield (Y) of cotton; YNI 
= initial slope. 
230 







Cameroun (Déat et al., 1976) 
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Pu (kg ha-1) 
Figure 14.3. Relation between total phosphorus content (Pu) and yield (Y) of cotton; 
YPI = initial slope. 
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2000 - e Cameroun (Gigou, 1986a) 
o Cameroun (Déat et al., 1976) 
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- TKI = 155 kg kg-1 
_|_ 
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Figure 14.4. Relation between total potassium content (Ku) and total aboveground dry 
matter (T) of cotton; TKI = initial slope. 
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14.5 Ratio phosphorus content to nitrogen content 
Minimum and maximum P/N ratios are graphically presented in Figure 14.5. 
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Figure 14.5. Relation beween nitrogen and phosphorus content at maturity in 
aboveground biomass of cotton. 
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ANNEX 1. RECOVERY FRACTIONS 
al 
ANNEX 1. RECOVERY FRACTIONS 
Tabla Al.1. Nitrogen fertilizer recovery (NFR, kg kg~^) in total above-
ground biomass of the various crops, as derived from the constructed 
figures in Part B or from cited literature. 
P: annual precipitation (mm), irr = irrigated; OM: n = no application of 
organic matter, man = manure, str = straw; 
Nam: maximum application level for validity of regression line (kg ha~^) 
in the figure referred to. 
FT: fertilizer type: 1 = urea, 2 = NPK, 3 = NP, 4 = ammonium sulphate, 
5 = P-K fertilizer, 6 = Ammonium nitrate; 
AT: application time: 1 = at ploughing/after emergence, 2 = as 1 + at 
anthesis, 3=3 times; 
ST: Soil type: 1 = sand, 2 = sandy loam, 3 = sandy clay, 4 = clay, 5 = 
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Fox et al., 1974 
Fox et al., 1974 
Fox et al., 1974 











Lafitte & Loomis, 1988 
Perry & Olson, 
Perry & Olson, 
Perry & Olson, 
Perry & Olson, 
Perry & Olson, 
Perry & Olson, 
Perry & Olson, 









Dupont de Dinechin, 
6.2b 190 1 
6.2a 120 1+5 
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Fig Nam FT AT ST 
Ofori & Stern, 1987 
Eeckhaut & 
Eeckhaut & 
















1 • 2 
4 . 2 
6 . 2 
6 . 2 
al., 1981 
Kapur & Sekhon, 1977 (+ P, 
Das s & 
Das s & 




Verma & Singh, 1991 



















































































4 4 1 
4 4 1 
4 4 1 
4 4 1 
t al., 1984b 
i al., 1984b 
st al., 1979 
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Table Al.2. Continued. 











































































































































































































































































Moll et al 
Russelle et al 
Russelle et al 







Russelle et al 
Russelle et al 
Russelle 
Russelle 
Russelle et al 
Russelle et al 
Russelle et al 
Perry & Olson, 
Perry & Olson, 
Perry & Olson, 
Perry & Olson, 
Perry & Olson, 
Perry & Olson, 
Perry & Olson, 



















































































































































Year P OM NFR 
58-61 . i 
58-61 . i 
58-61 . i 
1968 . i 
1968 . r 
1968 . r 
• • i 
• • I 
1970 . i 
1970 . i 
1970 . i 
1971 . i 
1971 . i 
• • i 
1981 . i 
1981 . r 
1981 . i 





































1988 . r 
1972 . r 
1973 . i 




1966 . i 
1966 . i 
1967 . r 
1964 . r 
1965 . r 
• • t 
• • 4 
• • t 
1981 . r 
1981 • r 
1982 . r 
1982 • r 
1982 • r 
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Humphreys et ai., 
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7.2k 120 



























Sc de Wit, 1984 
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1968 (- P) 
1968 (+ P) 
1968 (+ P) 
Singh & Singh, 1987 
Singh & Singh, 1987(+Azolla) 
Singh & Singh, 1987 
Singh & Singh, 1987(+Azolla) 
Singh & Singh, 1987 
Singh & Singh, 1987(+Azolla) 
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Year P OM NFR 
1985 • mar 













Phillipines 1983 • r 
Phillipines • • < 
Phillipines • • < 
Phillipines • • < 
Phillipines • • < 
Phillipines • • < 
Phillipines • • < 
Phillipines • • < 
Shri Lanka • • 
Shri Lanka • • < 
Shri Lanka • • < 











































































Fig Nam FT 
Sharraa & Mittra, 






























































de Datta, 1981 
van Keulen l i van 

























































Reddy & Patrick, 
Reddy & Patrick, 
Reddy & Patrick, 
Reddy & Patrick, 
Reddy & Patrick, 
Reddy & Patrick, 










Table Al.2. Continued. 
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CROP Country Year OM NFR Fig N 
'am 










































































































1986 . r 
1986 « r 
1986 . r 
1986 . i 
1986 . i 
1986 . i 
1987 . i 
1987 . i 
1987 . i 
1987 . i 
1988 . i 
1988 . r 
1988 . i 
1986 . i 
1986 . i 
1986 • i 
1986 . i 
1986 . r 
1986 • r 
1986 . r 
1987 . r 
1987 . r 
1987 . i 
1987 . r 
1987 . r 
1988 . r 
1988 . r 
1988 • r 
75-76 • r 
76-77 • r 
1986 • r 
1986 • r 
1986 • r 
1986 • r 
1984 218 r 
1984 irr r 















































Reddy & Patrick, 
Reddy & Patrick, 
Reddy & Patrick, 
Reddy & Patrick, 
Reddy & Patrick, 
Reddy & Patrick, 
Reddy & Patrick, 














































































ea, 1991(2 times) 
et al. , 1991 















Echeverria et al., 1992 
Echeverria et al., 1992 
Echeverria et al., 1992 
Echeverria et al., 1992 
Whitfield & Smith, 1992 
Whitfield & Smith, 1992 
Whitfield & Smith, 1992 
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Fig N.^ FT AT ST 
Whitfield & Smith, 1992 
Whitfield & Smith, 1992 
Whitfield & Smith, 1992 
Whitfield & Smith, 1992 
Whitfield & Smith, 1992 
Whitfield & Smith, 1992 
Whitfield & Smith, 1992 
van Keulen, 1977 
van Keulen & van Heemst,'82 
Thorne et al., 1988 
Thorne et al., 1988 
Thorne et al., 1988 
Thorne et al., 1988 
Thorne et al., 1988 
Bishop & MacEachern, 1971 
Bishop & MacEachern, 1971 
Bishop & MacEachern, 1971 
Johnston & Fowler, 1991 
Johnston & Fowler, 1991 
Johnston & Fowler, 1991 
Johnston & Fowler, 1991 
Johnston & Fowler, 1991 
Johnston & Fowler, 1991 
Johnston & Fowler, 1991 
Orphanos & Krentos, 1980 
Orphanos & Krentos, 1980 
Orphanos & Krentos, 1980 
Orphanos & Krentos, 1980 
van Keulen, 1982 
van Keulen, 1982 
Papakosta & Gagianas, 1991 
Papakosta & Gagianas, 1991 
Papakosta & Gagianas, 1991 
Papakosta & Gagianas, 1991 
Papakosta & Gagianas, 1991 
Papakosta & Gagianas, 1991 
Papakosta & Gagianas, 1991 
Papakosta & Gagianas, 1991 
8.2a 1 
8.2a 1 
8.2a (residual effect) 
8.2a (residual effect) 
Khetawat et al., 1972 
Lal & Sharma, 1974 
Lal & Sharma, 1974 
Kapur & Sektion, 1977 (+ P, ] 
Maliwal, 1990 (after) 
Maliwal, 1990 (groundnut) 
Maliwal, 1990 (idem) 
Sharma & Prasad, 1980 
Sharma & Prasad, 1980 
K) 
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Fig N a m FT AT ST 
Sharma et al., 1992 
Sharma et al., 1992 
Sharma et al., 1992 
Sharma et al., 1992 
Sharma et al., 1992 
Sharma et al., 1992 
Singh et al., 1971 
Singh et al., 1971 
Verma & Singh, 1991 
Ellen & Spiertz, 1980 







van Keulen, 1977 
van Keulen, 1977 
van Keulen, 1977 
van Keulen, 1977 
van Keulen, 1977 
van Keulen, 1982 
van Keulen, 1982 
van Keulen, 1982 
van Keulen, 1982 
van Keulen & van Heemst,'82 
van Keulen & van Heemst,'82 
Spiertz & Ellen, 1978 
Hamid, 1973 
Hamid, 1973 
Khalifa et al., 1977 






Cassman et al., 1992 
Cassman et al., 1992 
Cassman et al., 1992 
Cassman et al., 1992 
Eilrich & Hageman, 1973 
Eilrich & Hageman, 1973 
Eilrich & Hageman, 1973 
Eilrich & Hageman, 1973 
Eilrich & Hageman, 1973 
Jones et al., 1981 
Jones et al., 1981 
Jones et al., 1981 
Racz et al., 1965 
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88/89 irr n 
88/89 irr n 






















































































































Additional available, but not incorporated due to time restrictions: 
sorghum: 36 values ranging from 0.23-0.82 (Powell & Hons, 1992); 
maize: 0.20, 0.22, 0.23, 0.25, 0.41 (Eichelberger et al., 1989); 
rice: 0.54, 0.46, 0.35 (Kropff et al., 1992); 
wheat: 0.15, 0.21 (Gauer et al., 1992). 
all 
Tiüsle Al.2. Phosphorus fertilizer recoveries (PFR, kg kg'1) in total 
above-ground biomass of the various crops as derived from the constructed 
figures in Part B or from cited literature. 
P: annual precipitation (mm), irr = irrigated; OM: yes or no application 
of organic matter (manure, straw); 
Pam: maximum application level for validity of regression line (kg ha~^) 
in the figure referred to; 
FT: fertilizer type: 1 = triple superphosphate, 2 = NPK, 3 = NP, 4 = 
natural phosphate, 5 = single superphosphate, 6 = ammonium phosphate, 
7 = bicalcium phosphate; 
AT: application time: 1 = at ploughing/after emergence, 2 = as 1 + at 
anthesis; 
ST: Soil type: 1 - sand, 2 = sandy loam, 3 = sandy clay, 4 = clay, 5 = 





























































































































































































































































































































































































1 1396 n 
i 1396 n 
i 1396 n 
! 1396 n 
i 1396 n 
i 1396 n 
i 1396 n 
i 1396 n 
i 1396 n 
i 1396 n 
1973 1396 n 








































































































60 5+NK • 
60 5+NK • 





Atanasiu et al. 
Atanasiu et al. 
Atanasiu et al. 
Atanasiu et al. 
Atanasiu et al. 
Atanasiu et al. 
Atanasiu et al. 
Atanasiu et al. 
Atanasiu et al. 
Atanasiu et al. 
Atanasiu et al. 
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Koopmans, 1990 (+K 
Koopmans, 1990 (+K 
Koopmans, 1990 (+K 
Koopmans, 1990 (+K 
Koopmans, 1990 (+K 
Koopmans, 1990 (+N 
Koopmans, 1990 (+N 
Koopmans, 1990 (+N 
Koopmans, 1990 (+N 















































































































& Singh, 1979 
, 1980 
ra & Pande, 
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Table Al.2. Continued. 
CROP Country Year OM PFR Fig 
•am 





























5 • . 0.11 
J • « 0.15 
I • « 0.03 
Mehrotra et al., 1968 (+ N) 
Mehrotra et al., 1968 (+ N) 
Mehrotra et al., 1968 (+ N) 
van Keulen & van Heemst,'82 
Palmer et al., 1990 
Jansssen et al., 1987 
Jansssen et al., 1987 
Jansssen et al., 1987 
Jansssen et al., 1987 
Jansssen et al., 1987 
Garrity et al., 1990 (+ N) 
Koyama & Chammek, 1971 
Koyama & Chammek, 1971 
Palmer et al., 1990 
WHEAT 





































































































































































Prasad et al., 1985 
Singh et al., 1971 
Singh et al., 1971 
Kapur & Sekhon, 1977 (+ N, K) 
Venugopalan & Prasad, 1989 
Venugopalan & Prasad, 1989 
Verma & Singh, 1991 
van Keulen & van Heemst,'82 
van Keulen & van Heemst,'82 
van Keulen & van Heemst,'82 
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et al. , 1991 (knifed) 
Sanders ea, 1991 (broadcast) 
Sanders ea,'91 (seed applied) 
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Table Al.2. Continued. 
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Tabla AI.3. Potassium fertilizer recoveries (KFR, kg kg~^) in total 
above-ground biomass of the various crops as derived from the constructed 
figures in Part B or the quoted literature. 
P: annual precipitation (mm); OM: yes or no application of organic matter 
(manure, straw); K am- maximum application level for validity of regression line (kg ha'1) in the figure referred to; 
FT: fertilizer type: 1 = NPK, 2 = NK, 3 = KCl + NP; 4 = Muriate of potash; 
AT: application time: 1 = at ploughing/after emergence, 2 = as 1 + at 
anthesis; 
ST: Soil type: 1 = sand, 2 = sandy loam, 3 = sandy clay, 4 = clay; 5 = 









































































































































































































































& Balasubraman., 1983 
1963 
1963 
& Sekhon, 1977 (+N, P) 
250 3 
90 3 
Sparks et al., 198C 
Koopmans, 1990 (+P 
Koopmans, 1990 (+P 
Koopmans, 1990 (+P 
Koopmans, 1990 (+P 
Koopmans, 1990 (+P 
Koopmans, 1990 (+N 
Koopmans, 1990 (+N 
Koopmans, 1990 (+N 
Koopmans, 1990 (+N 
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Madagascar 1968 > 
Madagascar 68-69 
Madagascar 1969 
Phi Hipp ines '84 
Phillippines '84 
Phillippines '84 < 
Phillippines '84 
Phillippines '84 


























































































Mahapatra & Pande,1972(+NP) 


































de Datta, 1985 
de Datta, 1985 
de Datta, 1985 
de Datta, 1985 
de Datta, 1985 

















































• str 0.70 
403 str 0.34 






































































ANNEX 2. NUTRIENT CONCENTRATION IN 
FARMYARD MANURE 
al9 
ANNEX 2. NUTRIENT CONCENTRATION IN FARMYARD MANURE 
Tabla A2.1. Content of nutrient elements in manure under West African 





























































































































Pichot et al., 1981 
Pichot et al., 1981 
Pichot et al., 1981 
Quilfen & Milleville, 1983 
Richard quoted by Piéri, 1983 
CMDT quoted by van de Pol, '92 
van de Pol, 1988 
van de Pol, 1992 
ADRAO, 1986 




Oliver quoted by Piéri, 1989 
CNRA quoted by Piéri, 1989 
van Duivenbooden & Cissé, 1989 
EuroconsuIt, 1989 
Deshpande et al., 1983] 
Sharma & Mittra, 1991] 
ADRAO, 1986 
Quilfen & Milleville, 1983 
Euroconsult, 1989 
Pichot et al., 1981 
Pichot et al., 1981 
Pichot et al., 1981 
Pichot et al., 1981 
Quilfen & Milleville, 1983 
Richard quoted by Piéri, 1983 
CMDT quoted by van de Pol, '92 
van de Pol, 1988 
van de Pol, 1992 
ADRAO, 1986 




Oliver quoted by Piéri, 1989 
. . / . . . 
a20 


























CNRA quoted by Piéri, 1989 
van Duivenbooden & Cissé, 1989 
Euroconsult, 1989 
Deshpande et al., 1983] 
Sharma & Mittra, 1991] 
Quilfen & Milleville, 1983 
ADRAO, 1986 
Euroconsult, 1989 

















































Pichot et al., 1981 
Pichot et al., 1981 
Pichot et al., 1981 
Quilfen & Milleville, 1983 
Richard quoted by Piéri, 1983 
CMDT quoted by van de Pol, '92 
van de Pol, 1988 







Oliver quoted by Piéri, 1989 
CNRA quoted by Piéri, 1989 
van Duivenbooden & Cissé, 1989 
Euroconsult, 1989 






Quilfen & Milleville, 1983 
Euroconsult, 1989 























Pichot et al., 1981 
Pichot et al., 1981 
Pichot et al., 1981 
Bationo & Mokwunye, 1991 
84 Cissé, 1988 
85 Cissé, 1988 
van Duivenbooden & Cissé, 
Sharma & Mittra, 1991] 
1989 
../.. 
Table A2.1. Continued. 
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Pichot et al., 1981 
Pichot et al., 1981 
Pichot et al., 1981 
Pichot et al., 1981 
Richard quoted by Piéri, 1983 




Oliver quoted by Piéri, 1989 
CNRA quoted by Piéri, 1989 
van Duivenbooden & Cissé, 1989 
Euroconsult, 1989 
Euroconsult, 1989 
Pichot et al., 1981 
Pichot et al., 1981 
Pichot et al., 1981 
Pichot et al., 1981 
Richard quoted by Piéri, 1983 




Oliver quoted by Piéri, 1989 
CNRA quoted by Piéri, 1989 





Pichot et al., 1981 
Pichot et al., 1981 
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= Association pour le Développement de la Riziculture en Afrique de 
l'Ouest (synonym WARDA = West Africa Rice Development 
Association) 
= Centre for Agrobiological Research 
= day 
= dry matter 
= Equipe chargée de l'Etude sur les Systèmes de Productions Rurales en 
5éme Région et Cercle de Niafunké 
= Food and Agricultural Organisation of the United Nations 
= Fruit harvest index ((grains+pods)/total above-ground bioamass) 
= Grain fruit ratio = Grain/(Grain+pods) 
= hectare 
= harvest index (=grain/total above-ground biomass) 
= oxen 
= Projet Inventaire des Ressources Terrestres - Mali 
= small village irrigation scheme 
= République Française, Ministère de la Coopération 
= Resource Inventory and Management Ltd. 
= metric ton or tonne (1000 kg) 
= Technical Advisory Committee to the Consultative Group on Interna-
tional Agricultural Research 
= year 
